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SECTION  I 


INTRODUCTION  AND  SUMMAKY 


This  report  is  submitted  to  the  United  States  Air  Force,  Air 
Force  Systems  Command,  Wright-Patterson  /Vir  Force  Base,  Ohio,  in  fulfillment 
of  Part  n of  Contract  F33615-74-C-2068.  This  contract  covered  the  development 
and  evaluation  of  several  Advmiced  Turbine  Engine  Controls  Components.  The 
Part  II  effort  was  directed  towards  evaluating  a means  of  controlling  the 
temperature  environment  of  signal  conditioning  electronics  for  engine  control 
connx)nents.  The  work  was  performed  dux’ing  the  period  of  June  1974  through 
September  1976. 

Advanced  Turbine  Engines  are  expected  to  have  a large  number  of 
variable-geometry  control  functions  wMch  will  be  controlled  to  provide  optimal 
performance  throughout  the  aircraft  mission  profile.  Engine  functions  require 
an  integrated  control  system  to  ensure  their  proper  scheduling  midproper  fail- 
safe inteiTocking.  The  number  of  control  parameters  to  be  sensed,  the  multiple 
control  modes  to  be  established,  the  large  number  of  control  functions  to  be 
accomplished,  and  the  requirements  to  effectively  interface  with  the  aiiciaft 
control  system,  all  incUcatc  the  need  for  complex  engine  control  systems. 

In  order  to  satisfy  these  requirements,  electronic  computing  engine  control 
systems  may  be  necessai'y,  because  of  their  adaptability  and  flexibility,  to 
satisfy  these  comiilcx  control  requirements. 
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Electronic  elements  of  the  engine  control  systems  will  require 
protection  against  the  high  ambient  temix' ratiires  to  which  they  will  be  exposed 
at  their  mounting  loetitions  on  the  engines.  Requirements  for  these  assemblies 
to  operate  with  ambient  tem(x} ratures  up  to  SOO'^E  are  a requirement  for 
advanced  transonic/suix'rsonic  aircraft.  The  temperatures  in  liigh  super- 
sonic (Mach  niunber  3.5)  applications  reach  750°F.  Since  electronic  components 
are  generally  considercfl  to  be  operable  by  their  manufacturers  as  long 
as  their  temix natures  are  limited  to  257°F  or  below,  some  method  of  environ- 
menUilly  protecting  the  electronics  must  be  used.  The  major  objective  of  this 
project  was  the  design  and  evaluation  of  a novel  method  of  maintaining  the  tem- 
perature of  an  electronic  assembly  below  257‘^F  when  exposed  to  ambient  tempera- 
tures up  to  750°F.  This  maximum  temixratui’e  was  selected  in  order  to  provide 
an  adequate  design  margin  and  to  allow  for  future  growth  in  aircraft/engine 
perfonnance. 


'I'he  program  was  intended  to  evaluate  the  ability  of  thermoelectric 
cooling  elements  to  provide  the  necessary  cooling  in  this  extreme  environment, 
and  to  establish  the  practicality  of  utilizing  this  approach  for  advanced  turbine 
engine  controls.  A special  cooling  module  was  developed  as  a test  vehicle  with 
which  the  performance  and  durability  of  the  thermoelectric  elements  could  be 
e\  aluated  via  Ijench  and  engine  tests.  The  cooling  module  design  was  unique  and 
was  based  on  heat  transfer  considerations.  It  employed  novel  advanced  technology 
heat  exchangers  and  provided  an  integrated  structure  to  house  the  thermoelectric 
elements  and  the  demonstrator  pacluige  of  electronics  attached  to  them  for  cooling. 

The  secondary  cooling  source  employed  JP—1  engine  fuel  at  temperatures  up  to  330°F. 

A signal  conditioning  circuit  for  thermocouples  was  selected  to  be 
used  for  the  test  program.  It  was  considered  to  be  typical  or  representative  of 
the  types  of  sensor  conditioning  circuits  that  would  require  thermal  protection.  The 
circuit  accepted  eight  thermocouple  signal  inputs  and  multiplexed  their  outputs  over 
a single  communication  chtmncl. 

The  electronics  consisted  of  a thermocouple  amplifier,  an  eight 
channel  amplifier,  a cold  junction  reference,  and  the  analog  section  of  a dual- 
slope analog-to-digital  converter  on  a one  inch  square  thick  film  hybrid  integrat- 
ed circuit  that  was  packaged  into  a thermally  conditioned  module.  JP-4  fuel  was 
utilized  as  a heat  sink  and  thermoelectric  cooling  elements  were  used  to  pump 
the  heat  from  the  hybrid  mounting  surface  to  the  fuel  heat  exchanger.  The  design 
of  the  module  also  shunted  the  major  heat  from  the  environment  directly  into  the 
fuel  heat  exchanger. 
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The  concept  of  thermoelectric  cooling  utilizeil  in  this  project  is 
applicable  to  thermally  protecting’'  other  engine  sensors  or  signal  conditioning 
electronics.  The  appi’oach  used  in  tliis  i)roject  is  intended  to  point  out  an  alterna- 
tive to  conventional  packagiiig  techniciues  for  electronics  for  advanced  liigii  performance 
aircraft  engines. 

Tlie  unit  that  was  developed  and  tested  weighed  1.45  pounds,  ft 
functioned  to  measure  S temperatures  in  range  of  0°F  to  3000° T and  provitled  nominid 
accuracies  of  0.  5%  in  an  environment  where  the  ambient  temperature  was  varied 
from  -65°F  to  t750°F.  The  maximum  temperature  reached  by  the  hybrid  electronics 
was  250° F.  Under  the  worst  case  operating  conditions,  1300  BTU's  per  hour  were 
pumped  to  the  fuel  of  w hich  13  in'U/hr  were  removed  by  the  thcrmoelectrics. 

The  thermoelectrics  developed  umler  this  program  were  able  to  mainbdn  a 90^F 
differential  between  the  hot  i)late  (fuel  cooled)  and  the  cold  (jlate  (cooling  the  electronics). 

The  unit  was  also  operated  for  200.  5 engine  test  hours 
mounted  on  a PW&A  rJ  l’DI)  engine  in  a test  cell.  The  unit  was  not  used  for  engine 
control  since  the  test  objectives  were  to  demonstrate  the  mechanical  integrity  and 
durability  of  the  unit  under  severe  engine  acoustic  and  vibration  environments. 

Since  the  temperature  enviromnent  in  the  test  cell  was  very  nominal,  a full  eval- 
uation of  the  unit  under  worst  case  conditions  when  mounted  on  the  engine  could 
not  be  demonstrated. 

The  specific  effort  performed  under  the  contract  included  the  follow- 
ing tasks  which  are  described  in  detail  in  other  sections  of  this  report: 

a.  Preliminary  Design 

I).  Analysis  of  Alternate  Sensor  Types 

c.  Development  of  the  fhermoelectric  Cooling  l•;lemenl 
and  Heat  Fxchanger 

d.  Fabrication  of  the  Circuit  Breadi)oard 

e.  Temperature  Control  of  Hybrid  Integrated  Circuit 

f.  Head-out  Module  Design 

g.  Thick  Film  Hybrid  Circuit  Pre-test 

h.  Component  .Issembly 

i.  ('omponent  Performance  Test 

j.  Fngine  I’est 

k.  Preparation  of  a Final  Report 
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The  Thernuilly  Conditioned  Module  ( I'CM)  demonstrated  Unit  electron- 
ic devices  can  be  packaged  so  as  to  l)e  cooled  by  thermoelectric  coolin<;  elements 
to  survixe  the  environment  ot  high  performance  aircraft  turbine  engines.  Surviv- 
al)ility  at  ambient  temperatures  up  to  TnO^F  and  with  cooling  fuel  temperatures  up 
to  300®!'  was  successfullv  demonstrated  under  bench  tests. 


Detail  anlysis  and  results  of  tlie  various  tests  performed  are  covered 
in  the  botly  of  the  report,  Tlie  module  xlesigned  and  tested  during  the  study  satis- 
tactoril^'  tlemonstrated  the  concept  feasilniity. 


• Correlation  between  the  heat  transfer  analysis  and  test 
data  was  good. 

• rest  at  750°1'  ambient  and  300°F  fuel  temperature  showed 
the  sigind  conditioning  circuit  temperature  to  be  at  210°F, 

• The  sigmd  conditioning  circuit  functioned  normally  after 
laboratory  vibration  tests  and  after  engine  testing. 

• There  was  no  apparent  damage  to  the  module  as  a result 
of  laboratory  vibratioii  testing  or  engine  rumdng.  A 
fidlure  did  occur  in  the  heat  exchanger.  A minor  design 
clumge  would  correct  this  pi'oblem. 

Ushig  the  analysis  tlesign  techidques  and  correlation  with  test  data 
generated  during  the  program,  future  applications  cam  be  spccificidly  designed  with 
a Idgli  deglee  of  coiditlence  that  results  will  conform  to  recjuiremc'nts. 
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SECTION  n 

THERMALLY  CONDITIONED  MODULE  DESCRIPTION 

2.1.  GENERAL  DESCRIPTION 

The  project  described  in  this  report  included  the  following  major  tasks: 

• Thermally  Conditioned  Module  (TCM)  mechanic;il  design 

• Heat  transfer  analysis 

• Signal  Conditioning  circuit  design  and  manufacture 

• Thermoelectric  heat  pump  design  and  manufacture 

• Readout  module  design  and  manufacture. 

• Test  the  completed  TCM. 

Details  on  each  item  design  and  test  results  arc  covered  in  subsequent 
sections  of  this  report. 


A thermally  conditioned  module  was  designed  to  demonstrate  a cooling 
method  whereby  the  electronic  control  devices  installed  directly  on  the  engine  would 
be  protected  from  ‘he  severe  temperature  environments  associated  with  Mach  d.  5 
aircraft.  Ambient  temperatures  up  to  500°  F in  the  engine  nacelles  are  exi^ected  to 
be  common  for  future  supersonic  aircraft.  The  module  was  desigaied  to  with- 
stand ambient  air  temperature  of  750° F with  fuel  at  ten.pcratures  up  to  330° F pro\  ided 
as  a heat  sink.  The  selected  design  criteria  for  the  modidc  are: 

-65°  F to  750° F 
50  ft/sc  c 

Jet  fuels  conforming  to 
MIL-T-5G21 
MIL-G-5572 

MIL-G-305G  i 

VV-G7G  I 


Air  Environment 
Air  Velocity 
l\iel  Coolant 
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;! 

I'i 


i\iel  temperatures 
l-\iel  flow  rates  thru 

module  heat  exehaiiL,er 
Hybrid  Cireuit  Temperature 
limit 

Cireuit  Aeeuraey 


-G5°F  to  33(J“F 

100  Ibs/hr. 

257°  F M;l\. 

0.  5%  of  I-Till  Scale 


A thermocouple  signal  eonditiouing'  circuit  was  selected  to  be  used 
for  demonstrating  the  perforniiuice  of  a thernuilly  conditioned  module.  This  signal 
conditioning  assembly  was  considered  to  be  typical  of  the  ty'pc  of  signal  conditioning  circuits 
and  transducers  that  would  require  tlicrmai  cojiditioiiing.  The  electronic  circuit  was 
designed  to  accept  inputs  from  eight  thermocouples  and  convert  their  output  signals  to 
digital  format.  The  outputs  were  nudtiplexed  and  transmitted  to  a remote  digital 
readout  mochde.  The  thermoelectric  cooling  teclmique  used  in  tliis  design  could  also 
be  applied  to  pressure  sensors,  pyro)neters,  or  any  other  engine  mounted  sensor  and 
associated  electronics  that  reqidre  a thermally  conditioned  environment. 

2.2.  MECHAMCAl.  DESIGN 


I'he  thermally  conditioned  module  (TC.M)  is  eonstmeted  of  ;dununum 
to  minimize  weight  and  to  obtain  good  heat  transfer  characteristics.  A sectional  view 
showing  the  major  components  of  tlie  module  is  shown  in  Figure  1 . A nu)re  complete 
view  of  the  various  components  of  the  module  is  shown  in  Bentlix  drawing  number 
FXD-33900,  Section  III,  Figure  10  A photograpli  of  the  major  subcom|xments  is 
shown  in  Figure  2 , Samples  of  the  iJiimary  and  secondaiy  heat  exclianger  laminations 
are  shown  in  Fignre  3. 

The  heat  exclianger  modules  were  manufactured  at  the  Bendix  Kesearch 
Laboratories.  The  heat  exchangers  are  fabricated  from  0.010  inch  tliick  sheets  of 
Tyiie  1145  AL  alloy.  ’I'he  individual  [ilates  were  cliemically  milled,  then  joined  by 
diffusion  bunding.  Tlie  thennoeleetric  cooling  elenu'iit  was  furnisheil  by  Ohio  Smni- 
tronics,  Inc.  of  ( jlumbus,  Oliio.  Additiomd  discussion  of  tliis  device  can  be  found 
in  Section  V :uul  ii  tlie  Appendix. 
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The  tediiiiques  utilized  to  meet  tlio  design  god  can  be  briefly 
summarized  as; 

• A i^roteetive  outer  sliield  insulated  from  all  other 
parts  of  the  module. 

• An  imier  cover  thernuflly  anchored  to  a secondary 
heat  exchanger, 

d’lus  combination  of  jjarts  will  kcejJ  the  mner  cover 
at  or  near  fuel  temperature.  The  tcmperahirc  sensitive 
elements  are  further  ])roteeted  by  an  air  gap  between  the 
inner  eo\er  and  eleetronie  circuit. 

• Heat  is  ratiiatetl,  conducted,  and  generated  by  the 
electronic  circuit.  The  electronic  circuit  is  cooled  by  the 
heat  pumping  action  of  the  thermociectrics  to  a tempera- 
ture ninety  (90°)  degrees  Fahrenheit  less  th;ui 

the  incoming  fuel  temperature. 

2.3.  TilKKMAL  DKSIGN 


The  lieat  i)imii;ed  by  llie  heal  exehangci'  ineiiules  all  the  tliennal 
radiation,  convection  :md  conductiem  leaks  from  the  envii’onment  and  internally 
generated  heat.  Tlu-  internal  heat  is  generated  l)y  electrical  power  dissipation  luid 
by  frictional  losses  residting  Crom  the  fluid  flow  tlirough  the  heat  exchanger  in 
addition  to  the  conduction  load  im(>osed  Ijj  the  tlierinoeleetrics.  Under  woi'st  case 
conditions,  tlie  total  lieal  loail  from  these  sources  amount  to  GO  watts.  The  largest 
component  of  this  load  is  due  i)rimaril3’  U>  tl\e  inefficiency  of  the  thermoelcctrics 
wliich  contributes  about  40  watts  of  lu'at.  The  sceondari’  heat  exchanger  emploj’s 
the  fuel  from  the  primary  heat  exchanger  to  serve  as  a heat  sinli  for  the  co\er  and 
baseplate.  The  total  heat  contributed  bj’  the  conduction  path  from  tlie  co\  er  anti 
the  baseplate  is  530  watts.  Undei'  woi  se  case  operating  conditions,  the  oj)erating 
temperature  of  the  electronics  is  maintained  at  less  tluui  250° F.  Tt)  proviile  for 
the  eapaljility  of  [jumping  atjout  (iOO  watts,  liigh  v('lumetile  Iieat  eexchangers  were 
designed.  IX-lails  of  the  heat  exchanger  construeti  ni  are  shown  in  Figure  10, 
Sections  I3-B,  11-11,  J-J,  P-U,  F-F  and  F-F  of  BendLx  Drawing  FXl)-33!)00. 
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2.4.  ELECTIUJNIC  DKSIGN 

A Ijluck  (luif-nun  of  the  thcrimdlj’  conditioned  module  .sj’stmn  as 
tested  ;md  as  einisioned  for  engine  installation  is  sliown  in  Eij’iire  4,  A sjstem 
block  diagram  of  the  electronics  within  the  thermally’  eoiuhtioned  module  is 
shown  in  Figure  27  of  Section  IV.  The  module  consists  of  a thermocouidc  ampli- 
fier, an  eight  chmmel  multiplier,  a cold  jiuiction  refa’cnee  and  the  aiudog  section 
of  a dual-slope  :uudog-to-dlgit;d  con\  ertcr.  The  clectronies  within  the  module 
arc  built  on  a one-iJieh  square  hjbrid  circuit.  The  accuracy  of  each  t hannel  is 
better  than  0.  2'o  when  operated  over  a 212°F  ambient  temperature  range,  i'he 
accuracy  is  aelueved  through  the  use  of  low-drift  integrated  circuits  ami  precision 
thick-film  resistors.  The  unit  is  a custom  hybrid  built  by  the  Hemlix  Aerosixiee 
Division.  A photogra[)h  of  the  unit  is  shown  in  Figure  o.  Rirthei'  det  dls  of 
the  electronic  design  can  be  found  in  Section  IV. 

2.  5.  ASSOCIATED  ECjUU’MhNT 

Two  items  of  support  eciuipment  were  designed  tor  testing  the 
thcrnndly  controlled  modide  which  are  shown  in  Hgure  G with  the  modidi’.  A 
digital  I'eadout  mocltde  was  retiuired  to  monitor  the  eight  (8)  thermocouple  sigiuils 
to  establish  the  performance  of  the  signal  conditioning  electronics  located  in  the 
thermidly  eomlilioned  module.  The  readout  modidc  which  was  remotely  localeil 
from  the  module  consists  of  the  counter  section  of  the  amdog-to-iligital  com  erter, 
the  numcrie  displays  and  the  channel  select  logic.  A digihd-to-analog  coinei'ler 
is  :dso  provided  to  allow  analog  recording  and  display  of  the  data  channels,  i’he 
output  signal  of  the  thermally  conditioned  module  is  in  cUgit;d  fonn  which  the  readout 
module  translates  ;md  chsplays  in  decim:il  form  using  seven  segment  light  emitting 
diodes.  The  readout  module  woidil  not  be  reqiured  in  lui  engine  control  ai)plication 
since  it  would  be  rei)laecd  by  an  interface  cii-euit  in  the  digit;d  engine  cotitroller. 

The  secoml  piece  of  equipment  was  ;i  power  sui^ply  foi-  the  thi-rmo- 
clcctric  cooling  element,  i'he  thermoelectric  element  rec|Uires  IK'  curn-nt  and 
will  provide  heating  or  cooling,  i'he  polaritv  ;uul  magnitude  of  tlu-  ininit  euria-nt 
controls  the  amount  of  heating  or  cooling,  i'he  tem|)erature  of  the  electronic  circuit 
tmd  in  the  thermallj'  e<jntrolled  nuHluU'  was  sensed  by  a thennistor  mounted  on  the 
hybrid  ir.tegrated  circuit,  i'he  thermistor  provided  a control  signal  to  the  remoteh 
located  power  siqiply  which  adjusted  the  output  current  to  the  thermoelei  trie  eletuenl 
as  requirtvl  to  mainUiin  the  desired  temiverature  env  ironment  in  the  modide.  I’his 
particidar  mc'dule  design  re(|uired  apprv)ximateli  10  watts  muximum  at  eight  pi 
ampere.  Additional  data  on  the  |K>vv(.'r  supply  design  is  presented  in  Section  l\  . 
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Figure  4 --  ihermally  Condiuoned  iModulc  System 


It  should  be  noted  that  an  ;iirborne  power  would  be  reciiiired 

to  supplj-  power  to  tlie  thermoeleetries  in  ;m  aetutil  eiii'ine  eontrol  application.  Such 
a unit  would  have  to  be  designed  to  also  survive  the  iiircraft/en^^ine  environment. 
Tills  power  supply  could  be  incorpt; rated  intfj  the  engine  electronic  controller  or 
in  the  signal  conditioning  motlules  I'or  the  engine  sensors.  It  would  utilize  power 
directly  from  an  engine  furnished  alternator.  If  the  engine  ;dternator  is  a high  im- 
pedLince  permanent  magnet  type,  then  only  a set  of  rectifiers  is  required  to  [iroiide 
the  direct  current  for  the  thermoelectric  cooler. 
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3.1.  GENEllAl  DESe'KlP  TION 

I’1k>  objc'cti\i'  ol'  tho  tlu'niial  design  anil  dcveloimient  ()hase  of  this 
program  was  to  piMvide  for  adei|uaU’  cooling  of  a hybrid  electronic  package. 

Simplifietl  schi'inatics  showing  the  thennally  conditioned  module  construction  and 
associatcil  thi'rmal  transfer  patlis  ai’c  shown  in  Figure  7 . The  baseline  for  U'sts 
and  analysis  assumed  the  following  conditions; 

V'ariables 
Air  velocity' 

Cooling  fuel  flow  rate 

Current  througli  Ihermoeli'Ctries  ( 1'.  E.  ) 

X'olkage  through  1’.  E. 

Inlet  cooling  find  temiK-rature 
Air  tem|X'ratu 

Figure  gives  a simplified  nuxiel  of  the  various  thennal  transfer 
mechanisms  in  oix.*ralion  in  thi'  module.  Heat  enters  the  module  through  the 
cover,  the  lead  wires,  the  mounting  and  the  fuel  lines.  Internally  heat  is  generated 
by  the  hybrid  circuit  and  the  thermoelectric  cooler.  Heat  from  the  hybrid  circuit 
is  conduck'd  to  the  cold  plaU'  and  then  pum|X'd  by  the  thermoelectric  unit  to  the 
primaiw  heat  exchange r.  The  cooling  fuel  flow  in  the  primary  heat  exchanger  carries 
the  heat  out  of  the  module.  Since  the  thermoelectric  unit  can  pump  heat  against 
large  adversi’  ti'in |X' ratu re  gradients,  the  cold  plate  and  the  iiybrid  electronics  can 
Ix'  maintained  at  temixM-atures  much  cooler  than  the  luel  U'ln pi' ra lu re . 

I'he  TCM  li'sl  unit  I'onstrueled  and  tested  I'mployeil  aluminum  con- 
struction wherever  possible  U'  pi'oxide  low  wi'ight  while  immiding  good  thi'rmal 
properties  at  low  I'osl.  A cut-away  ilrawing  with  locations  of  the  thei'inocouples 
used  to  obtain  test  data  is  shown  in  Figure  b.  Table  7 lists  the  I'orresponding 
tlii'i'inocouple  location.  Thi'  unit  shown,  approximati'ly  full  size,  measuri's  about 
3.5  inches  in  diametei’  and  3.75  ini  hes  high.  The  layout  drawing  for  the  thi'i'mall>- 
conditioned  module,  Hi'iidix  Drawiiu;  FX I )-33‘.HlU,  has  been  reproduei'd  in  Figure  10. 


Nominal  Values 
50  ft.  sec. 

100  lbs  hr 
8 amps 

2.  4 to  8.  0 volts 
-05°  F to  330°  F 
-(i5°  F to  750°  F 
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I'iRure  7 — Sinu'lifiod  rhemially  Conditioned  Modulo  Sehoniatic 
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Outer  Cover  — Fuel  Fxit  Fort  Side 
Fh'etrienl  Conneetor  Shell 

Not  used 

Iinier  Cover  - Center 
Inner  Co\  er  — lliel  Inlet  Side 
Inner  Cover  — lliel  Inlet  Side  Near  Flaii{;e 
Hybrid  Circuit  Cover 
Hybrid  Circuit  Mounting  Flange 
'Fhennoeleetrie  Cooler  — Cold  Junction 
I'hernioeleetrie  — Hot  Junction 

Not  used 

I K)\\nstreani  Ambient  Air  — Near  lAiel  Inlet  Port  Side 
Ambient  Air  — Near  Outer  Cover  - Top 
I’ljstream  Aml)ient  Air  — Near  lAiel  Outlet  Port  Sitle 
Inner  Covc'r  — Fuel  Fxit  Port  Side  — On  F’huige 
Module  Base 
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The  hybrid  electronics  to  l)e  cooled  are  packaged  in  a 1. 25"  x 1. 25"  x 
0.  25"  Kovar  packxige.  These  circuits,  with  housing,  are  mounted  on  a printed 
circuit  card  of  1. 75"  x 2,  25".  A cold  plate  is  attached  to  the  printed  circuit  board 
and  is  in  direct  contact  with  the  electronic  package  and  the  cold  junction  of  the  them’i 
electric  cooler.  Cooling  flow  circulation  is  into  the  primary  heat  exchanger  (in 
contact  with  the  T.  E.  hot  junction)  and  then  thru  the  secondary  heat  exchanger  to 
the  exit  port. 


The  heat  exchangers  are  shown  in  Figures  11  and  12  . Figure  11 
is  the  primary  heat  exchanger  (also  called  #1  heat  exchanger).  The  thermoelectric 
unit  is  mounted  on  the  primary'  heat  exchanger.  The  entering  cooling  flow  to  the 
unit  is  channeled  immediately  to  this  prur^ary  heat  exchanger.  The  cooling  flow 
after  passing  through  the  primary'  heat  exchanger  then  passes  to  the  secondary  heat 
exchanger  (Figaire  12  ) which  is  mounted  to  the  hi  se  plate  and  is'tioughnut"  shaped 
to  accommodate  the  connector  in  the  center  of  the  base  plate. 
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Figure  11  — Primary  Heat  Exchanger  Plate 
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Kitture  12  — Secondary  Heat  Exchanger  Plate  (FXC-33919) 


3.  2.  DESIGN  APPROACH 

The  design  is  illustrated  in  Figure  9.  The  use  of  a themuMjlectric 
ht'at  pump  allows  the  electronics  to  o|K'rate  at  low  temix'ratures  even  with  fuel 
U'mtK'ratures  in  excess  of  the  maxinnun  rated  level  for  electronic  components. 

Environment;!!  hi'at  transfer  to  the  region  of  the  electronics  must  Ix' 
minimized  in  order  to  rc'duce  tlx  the  mux  lectric  heat  lo:id.  At  low  heat  loads 
the  thermoelectirc  unit  can  maint;iin  the  electronic  tem[X'ratures  alxnit  100°  F 
C(x)ler  than  the  enU'ring  fuel  U'm|X'rature.  This  U-mperature  diffen-ntial  decreases 
with  incn'asing  fk-at  load. 
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Dual  heat  exchange i\s  and  a iloul)lc  wall  covc'r  arc  used  to  keep  tlic  heat 
load  puni|)cd  by  the  thernioeleetrics  to  a niininuun.  The  inner  cover  is  thc'mially 
anchored  to  the  secondary  heat  exchan;;er  and  insulated  from  the  outer  cover.  The 
objective  is  to  hokl  the  inner  cover  at  or  near  the  cooling  fuel  tt'ni|X’ nature.  This 
arrangement  shrouds  the  hybrid  circuit  and  thennoelectric  unit  in  a Umipe rature 
environment  which  is  essentially  equal  to  that  of  cooling  fuel.  The  environmental 
heat  is  effectively  blocker!  from  ixjnetrating  this  shroud  and.  the  re  fore,  the 
teni(x;rature  in  this  critical  space  and  the  heat  load  that  must  be  pum|K'd  by  the 
thermoelectric  unit  are  basically  indc'ix'ndent  of  the  air  temperature  surrciunding  the' 
package.  The  incoming  cooling  fuel  is  routed  first  to  the  primari’  heat  e.xchanger 
and  then  to  the  secondaiy  heat  e.xchanger.  This  provides  a primary  heat  exchange »• 
tt'm[X'rature  very  nearly  e(|ual  to  that  of  incoming  fuel.  The  electronic  circuit  is 
mountcil  directly  on  the  cold  plaU'  which  is  in  tlirect  contact  wdth  the  thermo- 
electric cooling  element. 

The  design  goals  of  the  project  were  based  upon  projections  of  reciuire- 
ments  for  future  high  ix'rfonnance  aircraft  installations.  These  i)rojections  indicate 
fuel  temperatures  that  are  normally  below  275°  F for  the  major  portions  of  the 
aircraft  missions  but  with  short  tei-m  e.xcursions  to  ;}30°  F at  some  corner  point 
conditions.  The  limiting  oixration  tem|X'rature  of  silicon  base  elcet?'»>nic  componcnl.s 
is  257°  F (125°C).  Thi'  thennal  conditioning  must  thus  mainktin  tt'm|x'ratures 
at  or  Ixlow  this  limit  lor  the  most  severe  conditions.  Assuming  th«'  maximum 
temperature  rise  of  5°  F Ix'tween  the  cold  plate  and  the  electronic  components, 
the  limiting  cold  plate  tem|X'rature  is  then  252*  F.  Under  these  conditions,  the 
thermoelectric  unit  must  be  capable  of  pumping  the  heat  load  from  the  252°  F cold 
plate  to  the  330°  F primary  heat  exchangt^r,  i.c.  , against  a 7S“  F adverse'  tcm|X'ratur(> 
differential. 


For  long  tenu  reliability  of  electronic  components,  it  is  desirable' 
that  eeimponent  tc'mpi'reiture  Ix'  maintained  substantially  bele)w  the  257°  F limit 
under  nonnal  e>pe rating  e-emditions.  A design  ge)al  of  the  project  was  to  maintain 
compe)ncnt  U'mperatures  below'  170°  F (colei  plate  tt'mix'raUire  Ix'hnv  105°  F)  le)i' 
a fuel  tmupe'rature  e>f  275“  F.  This  ge>al  rtuiuires  that  thi'  the'iniex'le'cti’ie'  unit  Ix' 
designed  te>  pump  the  he-at  U)ad  against  a 110°  p"  eidverse  teni|x'rature  elifk'rential. 
The  major  he'at  lexiel  sejurcc  is  the'  Ix'at  that  is  transferred  frexii  the'  insiele'  e'ove'r  to 
the  electreuiic  cire'uitanel  e'e)lel  pketc'.  This  le)ael  va  riiis  pre)pe)rtie)nat<;'l\'  w ith  llu' 
h'm(x,'rature  elifferential  Ix'tueen  the  ce)lel  plaU'  anel  the  cover  which  is  e's.scntialh 
equal  to  the  fuel  U'tu  |x' ratuix'.  The  elcsign  ce)nelitie)ii  thus  ri'(|uires  the'  e'apabdily 
e)f  pumping  to','  me)re'  heat  h)ael  against  a lO';,'  higher  aelver.se  U'mix' ratu re'  diffe'ix'u- 
tial  than  a ele'sign  baseel  emly  on  tuainUeining  e'enuiione'ut  U'ni|x'r;iture's  be-low  the' 
limiting  value.  In  aelelitieen  to  the  ix' I i;ibi lity  ce)nsiele!ratie)n,  the  tenser  e’enu |)e)iie'nt 
o|K' rating  tc'mpe'ratu res  preeviele'  ;i  margin  to  ace'emimoelaU-  he-at  soak  fe)lh)w  ing 
engine'  shut  de>wii. 
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Design  calculations  were  made  for  the  following  conditions: 


Ambient  air  temperature 
Ambient  air  velocity 
Cooling  fuel  temperature 
Cooling  fuel  flow  rate 


750"'  F 
50  ft/sec. 
275"  F 
100  Ibs/hr. 


The  analytical  heat  balance  was  targeted  for: 

Thermoelectric  cold  plate  tem(3erature  1G5“F 
Temioeraturc  difference  cold  plate  to  fuel  110“  F 

The  heat  balance  analysis  based  on  the  above  inputs  and  design  targets 
can  be  summarized  as  follows: 


1.  Heat  Load  to  Thermoelectric  Element 

• Generated  heat  -hybrid  circuit  2.  5 BTU/hr 

• Radiated  & conducted  heat  to  cold  plate  10.  3 BTU  'hr 

TOTAL  12.8  BTU/hr 

To  meet  dosign  targets,  this  establishes  a requirement  that  the 
thermoelectric  unit  meet  a requirement  of  110"  F temperature 
differential  with  a 12.  8 BTU/hr  heat  pumping  load. 

2.  Heat  Load  to  Primary  Exchanger 

• Thermoelectric  Piunp  Load  12.8  BTLI'hr 

(Item  1 above) 

• Power  to  'Fhennoelectrics  171.  0 BTU/hr 

TOTAL  183.  8 BTU/hr 

This  sets  a retiuirement  for  the  primary  heat  exchanger.  With  a design 
flow  of  100  Ibs/hr  of  fuel,  the  fuel  ttmqxjia  ture  rise  would  be  3.  7*  F. 

3.  Heat  I,oad  to  Secondary  Heat  Exchanger 

• Conduction  from  Inner  Cover  81.0  BTl' 'hr 

• Conduction  through  l)ase  1210.  0 B FU  hr 

TOTAL  1291.0  BTU/hr 

Fhis  results  in  25.8®  F temix'raturc  rise  in  the  secondary  heat 
exchanger.  Fohil  fuel  temixM’ature  rise  (x’r  analysis  is  then  29.  5"  F. 

IX'tails  of  the  design  analysis  are  presented  in  a later  sublu'ading  of 
Sc'ction  HI. 


Tlu'  tost  ami  doaij;Ti  analysis  arc  compared  in  the  follow  in”'  table. 
Test  data  is  taken  from  the  data  used  to  plot  Figure  13. 


Location  in  Module 

Design 
Estimate 
• F 

Test 
Results 
• F 

Ambient 

750 

750 

Outer  Cover 

713 

750 '080 

Inner  Cover 

318 

330  290 

Thcmnxilectric  P'nit 
Cold  Plate 

109 

175 

Hot  Plate 

279 

* 

I ly b rid  E Ic  c t ron  i c s 

174 

185 

Tc  m |X'  ra  tu  re  d i f fe  re  nee 

Cold  plate  to  primary  heat  exchanger 

110 

90 

Fuel  Inlet  Tcmpcratiu-c 

275 

275 

Cooling  I'ucl  Flow- 

100  lbs /hr 

100  lbs 

Fuel  Discharge  Tem|X3ratui'c 

305 

♦'Pest  data  temperatures  not  reliable.  Locations  were  such 
that  radiated  and  conducted  heat  resulted  in  erroneous 
readings. 


In  general,  the  correlation  between  the  theoretical  analysis  and  empirical 
data  is  reasonable.  The  high  measured  temperature  drop  of  10*“F  iK'tween  the  hybrid 
electronics  and  the  cold  plate  indicak^s  that  the  thennal  resistance  between  these* 
elements  is  twice  the  estimated  v'alue. 


3.3.  Tf: ST  RESULTS 


Tests  were  inn  with  the  unit  mounted  in  an  air  chamber  with  force 
flow  to  obtain  the  k'St  v'clocity  of  r>()  ft  'sec.  A hs'drogen  burner  with  exh.aust  gas 
mi.xed  with  room  temiierature  air  was  used  to  obUiin  the  module  ambient  temiH'rature 
for  testing.  The  module  was  instrumented  with  themiocouples  as  shown  in 
Figure’  9.  The  the rmoeleetrics  were  maintained  at  8 amps  during  the  test. 

A photograph  of  the  test  equipment  showing  the  hydrogen  burner  is  given  in  Figure  13. 

I'est  emphasis  was  on  the  high  temperature  fuel  aud  air  I'onditions.  The 
cooling  fuel  U'mi)erature  was  set  initially  to  l.'iO”!'  and  the  ambient  air  (air  blown 
past  the  module)  was  incri'ased  in  ste|)s  to  750°  F.  At  each  test  point,  data  was  moiiitori'd 
until  thermocouple  readings  stabilized  and  then  the  data  was  recordt'il.  Stabilizatiiin 
was  reacluHl  in  about  three  (3)  minutes.  The  recorded  temperature's  are  shown  in 


o«l 

4a. 

|l_:^  3-4-;*'^ 

B^nn 

i^*  1 

ift^^SI 

FiSuri'  11  for  thi>so  tc'sts.  It  is  schmi  that  the  Pt:  board  tomperaturu  increases  only  | 

about  F for  a 700°  F inereace  in  the  ambient  air  tempt'rature.  This  deni onst rate's  ] 

the'  cffe'ctive'iu'ss  of  the  tlu'inial  sine  Id  provided  by  the  elouble  e'o\  er  arrane;ement.  I 

Pests  were  also  run  in  which  the  ambient  air  temix'rature  was  held 
at  750°  F and  the  fuel  temperature  varied  in  steps  of  50°  F to  a maximum  of  :100°  F. 

The  results  ^iven  in  Fii^Tire  15  shows  that  the  tem|xirature  of  the  electronics 
inci'eases  in  a nearly  oiu'-to-one  relationship  with  fuel  temperature  incix'ase, 
as  would  be  ex|x'ctt'd.  The  electronic  circuits  ran  80  to  90°  F t'ooler  than  tlx'  entering; 
fuel  U'mixirature.  The  PC  Ixianl  and  cold  plate  tcmixiraturcs  were  measured  at  the 
edge  since  it  was  not  possible  to  locate'  themiocouples  elsewhere.  'iTie  temix'ratures 
shown  on  the  curves  for  these  locations  are  as  much  as  50°  F higher  than  at  the 
cente'r  of  these  members. 

Note  that  on  Figure  15  the  thennocouple  locations  are  marked  on  the 
curve.  On  tlu'  inni'r  cover  the  tt'inix'rature  gradient  is  such  that  tt'inpe'rature 
decreases  as  the  anchor  point  to  the  secondary  heat  exchanger  is  approached. 

Orientation  of  the  ouk'r  cover  thennocouple  was  such  that  #5  was  on  the  upstream  , 

side  of  the  cover  and  #0  is  on  the  downstream  side  of  the  cover.  The  thenno  'ouple  ’ 

diix'ctly  on  the  top  gave  the  lowest  reading. 


3.  3.  ] , Initial  Testing 

The  first  s('t  of  tr'st  data  is  shown  on  curves  of  Figures  l(i  ami  17 
with  some  six'cial  U'sts  shown  on  the  curve  of  Figure  18. 

The  same  |)rocedure  and  set|uence  was  used  as  described  for  ttx'  second 
(final)  ti'st  set  already  discussed. 


Several  minor  hardware  modifications  were  foumi  to  be  neeessai'y  li'om 
these  initial  test  I'esults.  These  changes  were  made  which  pi’o\  ideil  significant 
perfoi'inanee  imi)ro\  ements. 


The  difference  is  clearly  indicated  by  comparing  Figures  17  and 
15.  In  thi'  first  test  set,  temi)eratures  are  higher  at  :dl  locations;  the  1.  F,  cold 
plate  was  within  10°  F of  the  inlet  cooling  fuel  tem|)erature,  and  the  cold  plate  had 
reached  a tem|)erature  t)f  2-10° F at  the  250° F cooling  fuel  temperatui-e. 
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VEUCITV  - 


OUTER  DOME 


INNER  COVER 


C'">LD  PLATE 


) 400  500 

AM.RIENT  TEMPERATURE  °E 


Initial  Test  Results  - reinperature  Disti-ihution 
witli  130° Constant  Fuel  Temperature 


xlO 

OUTER  COVER 


AMJtIKN’T  750°  F 
V K 1 ,OC  11'  T'  50  FT/SK  C 

T.E.  Cl'KKENT  --  t!  AMPS 


INNER  COVER 


I.C.  COVER 


AT  From  Electronics 
to  Fuel  Temperature 


Diitial  'I’cst  Results  TcnipcrnUire  Distribution 
witli  Constant  750®  F Ambient  Temijerauire 


The  ah;u’i>  increast'  in  inni'i'  c‘o\vr  U‘in|)<.‘r;ilure,  the  rc'ver.sal  in  U-'inpera- 
turc  Ix'tWL'cn  tho  to[)  and  side  of  tlu'  innci’  covcm’,  and  thr  inner  co\'cr  l)ein|i 

siRTiiticanlly  above  the  cooling  I'uel  Uanperatiirc'  were  ineonsistx'nt  witb  the  design 
analysis. 


lixnin  ination  of  the  tlieiinallv  conditioned  module  and  the  tc'st  set  up 
indicated  two  areas  which  needed  modjiication.  First  a ri\et  was  used  at  the  top 
of  the  dome  to  fastem  the  inner  and  outer  covers  togetlier.  Fliis  was  i'emo\'ed  ;is 
Ix^ing  structually  unnecessary  and  a sourci?  of  heat  How  to  the  inner  co\’er. 

Second,  it  had  been  assumed  in  the  design  analysis  that  the  inner  co\'er 
was  thennally  anchored  to  the  secondary  heat  exclianger.  As  designed  and  tesU'd 
it  was  oljvious  that  the  inner  cover  where  it  ('xtcmded  from  the  side  of  the  secondary 
heat  exchanger  was  exposed  to  the'  direct  aml)ient  air  velocity.  This  area  is  notc'd 
on  Figure  :i-;J  as  a critical  ai-ea.  As  this  area  of  the  inner  i'o\ci’  is  readily  protc'cted 
(and  assumed  protc'C'ted  in  tlu'  design  ana  l>  sis),  a simple  tc'st  baffle  was  made  to 
provide  a dead  air  space'  Ix'tween  this  critical  area  and  the  ambient.  This  baflle- 
also  shieleleel  the  lower  sui'fae'e'  ol  the>  se'C'ondai'y  heat  exe-hange; r.  The  shielding  of 
the  secondary  heat  exe-hanger  should  onl\  effee’t  the  fuel  temperature  rise  through 
the  secondary  heat  exe'hanger;  the- re' fore',  tlu're  would  be  little  e>r  no  effect  e>n  the 
cooliiig  of  the  hybrid  circuit.  11  is  also  noted  that  this  surface  coidel  Ix'  shielded 
in  an  actual  installation  in  a similar  manner. 

'I'lK'  seconel  se't  o|' data  slv'wn  land  pre'viouslv'  discussed)  on  I'igures  14  :uid 
15  was  then  run  with  ivsults  signi fie'atnlx  bette'r  and  \'er\  near  the  design  objectives. 


3.3.2.  The' nnoeU'cti'n ' s ’sed  as  lli'ate'rs 

The  h\brid  cire'uit  was  di'signe'd  in  such  a manner  that  the'  the'inno- 
electrics  e'oulel  be'  use'd  as  a hea^e'i'.  The'  circuit  is  dise'ussed  in  othe'r  sections 
of  this  report,  lle'i'e'  it  is  onl\  note'd  that  the'  the' rm  iste)i’  whie-h  was  loe'ate'd  in  the 
hybriel  jiae'kage'  was  use'd  as  an  indie'ator  to  swite'h  the'  the' rimx' led rics  from  e'ooling 
te)  heating.  Prioi'  to  the  start  of  llu'  I'irsl  te'st  se't  as  shown  eni  e'urves  of  Figure's 
15  and  f’f  , the'  he'ating  portion  ol  the'  circ'uil  was  disable'd  as  the'  te'sl  e'lnphasis 
was  to  Ix'  on  the'  e'ooling  capabi  litu's  of  the'  di'sign. 
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It  was  not  until  the  second  test  set  that  the  thcmiistor  was  calibrated 
and  read  out  on  the  instriuncntotion.  Therefore,  no  tern ixjratu res  inside  the  h\  l)rid 
package  were  obtained  during  the  first  test  set. 

Some  testing  of  the  unit  was  done  with  heating  circuit  oiK'rative  and 
results  are  shown  on  the  curve  of  Figure  18.  The  data  points  at  -<)0°  F and  ()“  I'fuel 
clearly  indicated  the  effectiveness  the  Iherinoclectrie  eloments  us  a heater. 

Probably  the  most  interesting  test  ix)int  is  that  shown  with  '330°  F luel  and 
ambient  surrounding  the  module.  At  this  test  condition,  the  thermoelectric  elements 
were  in  cooling  mode.  The  cold  plate  temperature  is  at  245°  F. 


This  test  point  emphasizes  the  "reverse”  heat  transfer  charactc'i-istics 
of  the  device.  That  is,  the  inner  and  outer  covers  fomi  a barrier  to  heat  transfer 
regardless  of  whether  the  high  tcm|x-rature  is  fuel  inside  the  heat  exchangers  or 
high  ambient  temperatures  outside.  It  can  lx  seen  from  this  test  |x)int.  the  "cooling' 
ftjcl  is  a heat  source  and  the  inner  cover  is  being  cooled  by  heat  flow  to  tlic'  outer 
cover  and  ambient. 


In  Figui'e  18  the  curves  arc  not  interpolated  between  the  heating 
mode  test  data  at  HU)”  F and  (FF  hiel  temixraturc,  and  the  cooling  mode  test  data 
at  330*  F fuel  temixrature. 


3.4. 


THE  tLMAL  ANA  LYSIS 
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The  themial  analysis  ix'i'fomied  on  the  module  was  based  upon  lhc“ 
thennal  model  shown  in  Figure  19.  This  is  a linear  analog  model  in  which 
thennal  resistance  are  represented  by  electrical  resistance  and  temixratures  are 
represented  by  volUige  levels.  The  thennal  ixjsistances  identified  in  the  sim()lified 
model  of  Figure  19  art  actually  lumixd  parallel  and  series  restrictors  for  the 
various  heat  transfer  mechanisms  that  occur  Ix'tween  the  temixrature  points  shown. 
The  thennuelectric  heat  pump  is  sunulated  by  a batteiw  with  its  potential  and  polarity 
matched  to  the  ex|X‘Cted  ixrfonnance  of  the  thennoclectrie  unit.  The  ambient  and 
entering  fuel  tenux'rature  levels  are  simulated  by  appropriate  voltage  sources 
and  the  electrical  power  dissipation  in  the  hybrid  circuit  and  thenmx'lcctrics  are 
simulated  by  appropriate  current  generators.  The  "Suix'r  Sceptre”  circuit  analysis 
computer  program  was  used  to  compute  U'mixjratures  at  various  locations  within 
the  modulo  and  the  corresponding  heat  transfer  rates  Ix'tween  these  locations. 

Input  and  boundaiw  conditions  used  for  the  analysis  are  as  follows; 


Ambient  Temixrature  750°  F 

Inlet  Fuel  Temperature  273°  F 

Ambient  Air  Velocity  30  ft/sec. 

Cooling  Fuel  Flow  Rate  100  lbs  hr. 

Thermoelectric  Temp.  Potential  110°F 

Power  Dissipation  in  Hybrid  Circuit  (Q.j)  2.  5 BTU  hr. 

Power  Dissipation  m Thennoelectric 

Unit  (Q(i)  171  BTU/hr 

Thermoelectric  (’urrent  8 Ami)s 

The  temperatures  of  eachmember  of  the  module  is  represented  by  a 
discrete  point  tem(xrature  which  is  intended  to  represent  the  average  tem|K'rature 
of  that  memlx'r.  The  calculations  for  the  various  thennal  resistences  Ix'tween  the 
temixjraturc  points  are  given  in  the  following  subsections,  llie  notational  con- 
vention used  is  as  follows: 


1.  The  heat  flow  (BTU  hn  Ix'tweena  point  "n"  at  temix'rature. 
T^,  and  a point  "m  " at  temperature,  Tj,^ . is  denoted  by 

^^n-m* 

2.  'Hie  thermal  resistance  (“  F/BTU  hr)  Ix'tween  these  same 
points  is  denoted  Hn-m- 

3.  The  relationship  iK'tween  •In-m  ^'m  *'n  then; 

*n  “ *m  '■'^n-m  ^ *^i-m 
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3.4.1.  Ambient  Heat  Transfer  (Ra -i  and  R^_g) 

The  ambient  heat  transfer  to  exterior  surfaces  of  the  module  is  jn’iniarily 
due  to  forced  convection.  In  the  Reynold's  number  range  from  25  to  100,000,  the 
equation  recommended  by  the  Adamsl  for  calculating  the  heat  transfer  coefficient, 
h,  for  spherical  shaped  bodies  is 


hA  = .37K/D^P^y\ 


whe  re 
K = = 

D 

P 

V 

P 


thermal  conductivify  of  air  (.0277  BTU/ft  hr“F). 
effective  dimneter  of  module  (.  3 ft), 

:mibient  air  density  (.0  328  Ibs/ft^), 

ambient  air  velocity’  (50  ft/sec), 

dynamic  viscosity  of  air  (2.15  x 10~5  ib  ft  sec). 


The  Reynolds  No.  (p\'P  P)  is  equal  to  22,883  and  the  heat  transfer,  h^. 
is  equal  to  14.1  BTU  ft^  hr  “F. 


The  outer  cover  has  a surface  area.  Aj,  of  .18  ft“  and  the  ixmiainder 
of  the  nKxlule  has  an  ex()osed  surface  area,  A3,  of  ,19  ft“.  The  thennal  resistance 
RA-1  and  Ra-3  then; 


R 


A -1 


R 


A -3 


IiaAi 


'’A  A 3 


394  * F BTU/hr, 


373  “F/BTl'/hr. 


3.4.2.  Il(*at  Transmission  to  limer  Cover  (R^  ■>) 

The  heat  transmission  Ix'twec'n  the  oub'r  and  inner  covei-  is  due  to  cotxhic- 
tion  and  radiation  across  thi'  air  gap  ix'tween  them.  I’he  tlu'nnal  resist.ince , Rj  _2. 
is  er|uivalent  to  ))arallel  I'onduction  and  radiation  resist.ances,  (R]  .o),..  and  iRj 

^McAdams,  Meat  I’ransmission.  3rd  cd.  (New  York:  McCi raw -I ii  1 1 Book  t'o.  , Inc.  . 1 953 


37 


ix'six'cti VC ly . rho  conduction  resistance  is  detc’miined  fi'oni  the eejuntion 


(Ri-2)c  ~ L/1\A2, 

vvhe  re 

K the  mini  conductivit>-  of  air  in  the  gap  (.02  BTU/ft  hr  °F), 

A.^  surface  area  of  inner  cover  (.128  ft"). 

L = air  gap  thiclcness  (.0125  ft). 

The  conduction  resistance,  (Ri-2'c  then  4.  88“  F/BTl'/hr.  The 
radiation  resishince  is  established  by  linearizing  the  radiation  equation  about  the 
approximate  tenux' natures  of  the  outer  cover,  'I'l  ll(i3“  R.  and  the  inner  cover, 
T-j  700“ R.  The  radiation  eciuation  is; 

(til_2)r  ‘'2(Ti'^  - T-;'*)  (Tj  - T^)  (Rj_2>f. 

where 

(7  Stefan  - Boltzmann  consUint  (.178  x 10“^  B IT  ft-  hr'ir^), 

Fe  the  emmisivity  factor  (.04), 

■) 

A2  = inner  cover  surface  area  (.128  ft"). 

The  radiation  resisfcince  tenn  is  then: 


(Hi  -2'r 


(Ti  - T-») 
CTl'eA2( I'j  * " 1’2  * ( 


The  re  foix' 


1 


.•{()..rF  BTU/hr 


Hi -12 


1 • Hj  _2  )f  1 (H|  -2 ) |- 


4.2“F  BTU  hr 


Using  ai)pi’oximatc  values  of  ~ R,  and  T5  = (525°  R,  wo  have 


'•^2-5‘c  “ ° F 'BTU  hr, 

and 

{R-2-5)v  " ir>7  ° F''BTU/hr. 

Therefore, 

R2-f,  14.4  ° F/'BTU/hr 

The  thennal  resisUmco  between  the  inner  cover  and  region  of  the  primary 
heat  exchanger  are  calculated  in  similar  manner,  using  an  approximate  value  for 
T(j  of  735°  R to  yield 

(R2-c,1c  = 15.()°  F -BTU  hr, 

(R2-(;)j.  = 135°  F/BTU 'hr, 

and  finally 

R2-()  = M.O. 

For  that  i)ortion  of  the  inner  cover  heat  flow  that  conducts  througli 
metal  down  to  the  secondary  heat  exchanger,  (J2-3i  't  'S  necessary  to  six'cify  an 
effective  conduction  length.  From  the  physical  arrangement,  this  length  is  estimaU'd 
as  1 inch. 


Beside  the  resisUincc  produced  by  the  metal  cover,  the  1x1  is  an  intc'r- 
face  ix^sist'ince  iK'tween  the  inner  cover  base  and  the  heat  exchanger.  I’his  rcsistanee 
is  assumed  to  be  equivalent  to  that  of  an  air  gap  . 0005  inch  thick.  The  ix'sistance 
R2-;{  is  then  the  sum: 

lt2-3  <1^2-3^  mcLal  ‘ (lt2-.3)  inU'i'face, 

wlU'  IX' 

/ I,  \ 0S33 

.OM-F  im.  M,- 
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1. Heat  rL'un.sfof  I'fom  Iiuier  Cover  to  the  Cold  Plate,  the  Primary  Heat 
Exehan^er  and  the  St'eondarv  Heat  Exchanger  (Ho-S- 

Pa  ft  of  the  heat  tliat  enU'fs  the  inner  eover  is  transferred  Ijy  eonduetion 
and  radiation  to  the  region  of  the  hyl)rid  eirciiit  and  eold  plate,  part  by  conduction 
and  radiation  to  the  region  of  the  primary  heat  exchanger  and  the  remainder  is 
condueted  through  the  inner  cover  metal  to  the  secondary  heat  exchanger.  The 
heat  I)a lance  eiiuation  for  the  inner  eover  is  then: 


^^2-5  ‘ ^^2-C  ■ Q2-:j 

\v  he  re 


*■^2-0 

■-  ('i'2  ■ '^'5' '1^2-5 

= (Tc 

- T5)(1/(H2-5)c 

t 1 (R2-5'r 

C^2-(i 

( 1’2  - T|;)  Rc-n 

(To 

- T(j)(l/R2-(;)e 

^ 1 (H2-()>,. 

ami 


Half  of  the  surface  of  tlu'  innt'r  cover  transfers  heat  across  the  inner  aii’  f^ap,  of 
thickness  . 21  inehi's,  to  the  eiild  plate  region,  'nie  and  (li^-jir 

ix'sistances  are  then: 


(1^2 -;■)•<•  I-'/*  IxA; 


(R^-rdr 

\vh('  re 
I, 

K 

A 2 

(T 

I'e 


. T)  (j  Ke  A‘>(  I’;/*  ” T5  M 
air  gap  thickness  (.02  ft) 

air  gap  thennal  conductivity  (.02  BTU/ft  hr  ° F) 
inner  cover  surface  area  (.  1 2iS  ft-) 

Stefan  Boltzman  constant  (.17:5  x 10“^  BTU/ft“  hr  “r’) 
emmisivitv  factor  (.0!) 


■10 


(H 

and 


/ L \ . .OOC 

,_3)a.rgap  = (^— ja.rgap 


0000417 
0270 


.07GT/BTU  hr 


Il2-;j  .102°  F/BTU/hr 


3.4.4.  Heat  Transfer  from  Hybrid  Circuit  to  Cold  Plate  (Ra-fd 

Heat  generated  by  elements  in  the  hybrid  cireuit  is  .transferred  by  eon- 
duction  to  the  PC  board,  through  the  board  and  across  the  interface  to  the  cold 
plate.  The  average  effective  resistance  of  the  path  from  the  elements  to  the  cold 
plate  was  ealculated  at  2.0  °F/BTU/hr. 

3.4.5.  Fuel  TemiX'rature  Rise  Primary  Heat  Exchanger  (IV, -f) 

The  heat  balance  equation  for  the  primary  heat  exchanger  is; 

Qo-v  -WfCp(Tc-Tp) 
whe  re 

VVf  - fuel  flow  rate  (100  Ibs/hr) 

Cp  - fuel  si)ccific  heat  (.5  BTU/lb  “ F) 

It  follows  that: 

R,;_V  l AVfCp  . 02°  F/BTU/hr 

,3.4,0.  Fuel  TemiK^rature  Rise  Secondary  Heat  Exchanger  (R.a-yi 

The  heat  iialance  c(iuation  for  the  secondary  heat  exchanger  is; 

(^.‘i-F  Wf  Cp  (T;j  - Tj.O 
whc're 

^'?3-F  *'^0-  F ' *^^A-3  ' *'^2-3 

As  I H’ fore 

R;j_I,-  l/WfCp  .02°F  BTU  hr. 
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3.  1.  7.  Thonnal  Analysis  He  suits 

The  "SuiA'f  Sfepfre  circuit  analysis  compute i’  program  was  used  to 
calculak'  U'miK>ratures  and  heal  I'low  ciuantities  of  the  nodal  points  of  the  thennal  simu- 
sinnilation  model.  The  input  to  the  |)rogram  included: 

1.  Circuit  definition  shown  in  Figure  l‘J. 

2.  Boundary  conditions  defined  in  Subsection  3.4 

;i.  Thennal  resistance  values  calculated  in  Subsection  3.4.1 
through  3.4.  G. 

The  following  tc'inix'ratures  and  heat  flow  quantities  were  calculated; 


1 . Tern  )X'  r a tu  re  s 


Outer  Cover 
Imier  Cover 
Hylirid  Circuit 
Cold  Plate- 
Prim  a IT  H.  F. 
SecondaiT  II.  E 


Tl 

— 713“  F 

T2 

— 31 8“  F 

i'4 

— 174“F 

Tr> 

— 1G9“  F 

— 279°  F 

T3 

— 305°  F 

2.  Heat  Flows 


Amlhent  to  ouk-r  cover  (t^A-1* 

Ambienf  t>  other  exU-rior  surfaces  (CJa-3' 

Outer  cover  to  inm-r  cover 

Inner  cover  to  cold  plate 

Inner  cover  to  primary  11.  E.  (t^2-G' 

Inner  cover  to  secondan’  II.  E. 

Primary  H.E.  load 
Seeondaiw  II.  E.  load 


— 94  BTU  hr 

— 1210  BTF/hr 

— 94  BTU /hr 

— 10.3  BTU  hr 

— 2.  7 BTU/hr 
--  81  BTU  hr 

— 187  BTU  hr 
--1291  BTU/hr 


■|’h«>  thenmH'lc'ctric  heat  load  is  the  smn  of  the  Qo-S  generati'd 

by  electrical  iK)wer  dissipation  in  the  hybrid  circuit. 


tyj.  p 10.3  ‘ 2.  r,  12.8  B TU/hr. 


1 

1 
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HKA  r EXCHANGER  DESIGN 


A preliminary  model  for  this  application  was  designed  and  construcU'd 
for  the  purpose  of  ol)taining  tost  data  correlation  with  the  calculated  results. 

Studies  showed  that  a large  surface  area  is  required  to  transfer  the  heat  with  a 
small  temperature  difte rential  Ix'tween  the  wall  and  the  fuel.  This  ix'quires  small 
channels.  To  obtain  reasonable  pressure'  losses,  the  small  channels  are  in  [jarallel. 

The  heat  exchanger  designs  are  shown  in  Figures  11  and  12.  In  the 
primary  heat  exchanger  (frl),  heat  flow  enters  at  the  outer  diameter  of  three 
parallel  0.020  x 0.125  inch  paths  and  flows  through  the  spiral  to  the  center  and  then 
back  out  to  the  outer  rlian^cter  through  three  more  parallel  spiral  paths.  In  the 
secondary  heat  exchanger  (#2),  the  fuel  enters  at  the  inner  diameter  and  flow's  out 
through  a three-path  spiral  and  Ixick  through  a three-path  spiral  to  the  inner  diameter. 
These  heat  exchangers  are  constructed  by  diffusion  bonding  etched  aluminum  plates 
to  form  the  monolithic  heat  exchange r packages.  The  respective  dimensions  of  heat 
exchangers  #1  and  #2  are  15,3  and  20  inches  of  channel  length  and  0.179  and  0.301 
square  feet  of  transfer  surface  area. 

3.5.1.  Primary  Heat  Exchanger 

The  heat  load  into  the  primaiy  heat  exchange r from  Section  3.4. 7 is 
187  BTU/hr  at  100  lbs  'hr  fuel  flow  and  fuel  specific  heat  of  0.  5 B'TU/lbs  ° F.  This 
would  raise  the  fuel  temix'raturc  only  3.  7®  F. 

A computation  was  made  to  detenninc  if  the  temperature  diffeivnce 
from  the  wall  to  fuel  temperature  was  significant.  Heat  transfer  from  the  wall 
temiK'rature  to  fuel  tempt'rature'  can  Ixi  determined  as  follows: 

q = h A A T 


rho  hc‘:it  transfer  eoolTic font  for  turbulent  channel  flow  is  given  by 

the  etiuation. 

h O.U2:i  /Dj, 

h heat  transfer  coeffieient  HTU  hr  ft“  “ F 
K thennal  eondueti\  ity  . 07  BTF  ^hr  ft  F 

Djj  = Hydraulic  diiunetc'r 

Dj]  Hydraulic  diameter 

I^H  4 (cross  section,  ft“)  Perimeter 
Djj  ■ 0,  034  in  or  0.  0028  ft. 

V Velocity  ft/sec. 

This  is  tound  to  lx?  12. !)  ft/sec.  for  100  lbs  hr  flowing  through  three 
. 0024  scj.  in.  i)arallel  channels,  i.e. , V = Ibs/hr  x ft^  dhs  x hr/sec. 

Reynolds  Number 

Rt>  p VOjj/  p 

p dynamic  viscosity  1.  84  x 10~1  lbs  ft  sec. 

P density  43  lbs/ft“  (273“  F fuel) 

R^.  8,(;o() 

Pp  Prandtl  Numl)er 
Pp  3(i00  C|,p /K 

Cp  s|x'cific  heat  of  ftiel  0.  5 BTU  4bs  “ F 
K themial  eonductiviW  . 07  BTU  hr  ft  “ F 
^ dvnamic  viscosity  1.  84  x 10'^  Ib/ft  sec 
Pp  4.  74 
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and 


h 1-170  13TU  'ft“  hr  •*  F. 

Solving  q = h ^ A T for  AT 

AT  1«7  (1  170  X.  184  0.  70“  F. 

This  small  mean  tern [X' ratiire  different  of  . 7°  F between  the  fuel  and  the 
heat  exchanger  wall  as  compared  to  the  3.  7®  F temixjrature  rise  of  fuel  through 
the  heat  exchanger  moans  that  the  heat  exchanger  surface  temperature  is  essentially 
eciual  to  the  temperature  of  the  fuel  leaving  the  unit. 

3.  5.  2.  Secondary  Heat  Exchanger 

A similar  procedure  was  used  to  calculate  the  secondary  heat  secondan’ 
heat  exchanger.  The  final  configuration  can  tx’  traced  with  a sample  calculation. 

The  flow  from  the  wall  to  the  fuel  is  computed  in  the  same  manner  that 
the  primary  heat  exchanger  was  illustrated  in  Section  3.  5. 1. 

^•\V'-F  " ^ 

Heat  flou'  from  wall  to  fuel.  This  was  found  to  be  1291  BTF  hr 
in  3.  5.  7. 

h = heat  transfer  coefficient  1470  BTU/ft^  hr  ® F (see  3.  5.  1) 

A area  of  chamicl  walls  in  secondary'  heat  exchanger  (.3  ft“^) 


AT  4\v  - Tf 

T^y  is  again  the  wall  temperature 
Tp  Fuel  tempemturc 
Solving  for  AT 

AT  fl\v-F  V - 1291  1470  X.  3 2. 9“  F 

This  small  AT  of  2.9“  F as  compared  to  the  fuel  U'luix'raturc  rise  of 
25.  8*  F indicates  that  the  heat  exchanger  wall  tempt' rature  will  lx  nearly  equal  to 
the  leaving  fuel  ten'. pe rature. 
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VIBRATIOX  TESTS 


3.  (). 


Vibration  tt'sts  were  mn  to  find  characteristics  and  any  resonant  fi’o- 
quencies.  Fisiux'  19  shows  a photograph  of  the  unit  mounte'd  on  the  viljrator. 

As  shown  in  the  i)hotograph,  the  adaptor  to  mount  the  module  to  the  vibrator  Ud)le 
was  designed  so  that  the  module  would  fit  down  inside  the  fixture  to  simulatml 
proposed  mounting  on  the  engine.  It  can  also  te  mounted  as  shown  in  the  photo. 

The  unit  is  provided  with  thermal  insulating  mounting  washers  which 
also  act  as  a shock  mount  for  the  unit.  Test  conditions  included: 

• Ha  I'd  mounting  of  the  module  to  the  vibrator.  The 
Ihennal  insulators  were  not  used. 

• Isolated  mounting  of  tlie  module  to  the  vibrator 
with  thermal  insulators  installed. 


• Tests  at  5 and  20  g inputs  from  50  to  5800  Hz. 

• Module  mounted  with  a test  ring  replacing  the  inner  and 
outer  covers  to  allow  observation  of  the  hybrid  package 
cover. 

The  test  data  shown  in  the  attached  figure  is  for  vibration  in  plane'  #1 
defined  as  vil)ration  along  the  axis  of  the  electrical  connector  centerline. 

This  plane  is  [jerpendicular  to  the  PC  board  and  hybrid  substrate  and 
represents  the  most  severe  condition  for  the  electronics.  Planes  #2  and  #2  weiv 
scanned  with  no  significant  resoivint  points  (as  compared  to  plane  #1)  and  no  traces 
arc  included  in  this  re()ort. 

No  problems  were  encountered  with  the  electronics  during  an\  of  the 
vibration  testing. 

The  thermal  isolators  were  made  from  a fluorosilicone 
elastomer  and  consisted  of  a sleeve  bushing  betw’een  two  flat  washers  as 
shown  in  Figure  19.  The  isolator  also  can  be  seen  in  Figun-  20. 


— Thermiilly  (’onditinin'd  Mixlulc 
Vil)r;ition  Post  Sot  I’l) 

^ i . >»  <^3 

” ^ • 
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I 3.6.1.  Hard  MounUxl  Vibi*ation  Tests 

I The  initial  test  was  run  with  a ring  replacing  the  inner  and  outc'r  covers 

’ to  hold  the  assembly  together  and  allow  an  accelerometer  to  Ijc  |)laced  on  the  hybrid 

cover  (position  13  Figure  9)  and  the  PC  board  (position  14  Figure  9). 

It  was  assumed  and  later  demonstrated  that  this  mounting  would  give 
the  greatest  vibration  load  on  the  hybrid  package.  The  test  results  are  shown 
on  Figure  21. 

The  note  "connector  down"  indicates  the  module  was  mounted  as  shown 
in  the  photograph  of  Figurc  20.  (But  covers  are  I'emoved.  ) 

The  output  G forces  are  shown  on  the  curve.  The  amplification  factor 
at  resonance  is  25.  The  curves  are  displaced  with  both  traces  starting  at  zero. 
"G's"at  less  than  50  Ilz.  The  lower  resonance  of  the  hybrid  cover  is  cau.sed  by 
, the  weight  of  the  accelerometer  teing  significant  with  resix'ct  to  the  cover  thickness. 

. The  imporhint  p >int  in  these  k'sts  was  that  the  hybrid  circuit  was  not 

damaged  by  the  exposure  to  tetU'r  than  125  G's  for  the  short  [K'riod  of  th(>  tc'st. 

It  was  believ'cd  that  the  high  (.)  (amplification  factori  was  the  result 
of  a spring  rate  of  the  mounting  ()late  Ix'tween  the  three  C([ual  s()aicd  mounting  bosses 
To  detemiine  if  this  was  the  case,  the  covers  were  assembled  on  the  unit  and 
accelerometers  placed  at  position  24  (rcfei'ence  Figure  9)  on  the  mounting  i)late 
of  the  assembly  and  on  the  outer  cover  at  position  23  (reference  Figure  9). 

, The  module  was  mountt'd  with  the  "connector  up.  " Referring  to  photogriph 

of  Figure  20,  this  places  the  co\’cr  down  inside  the  U'st  adaiJtc'r  -n’  upside'  down 
(normal  mounting  position)  with  I'csix'ct  to  the  ()hotograph. 

c Test  results  are  shown  in  Figuiv  22  again  with  the  zero  G for  the  two 

I curves  displaced  to  allow  multiple  rc'sults  to  lx>  displaced  on  the  same  Figure. 

The  resonant  points  are  very  close  to  the  (X'aks  of  Figurc  21.  I'his 
demonstrakus  that  the  amplification  ivsults  from  the  spring  rate  (and  module  mass) 
of  the  mounting  plak-  and  is  Ix'ingtransmitk'd  through  a rigid  structuiv  to  the  hyltrid 
l)ackage. 

NoU'  that  th('  fre<|uency  scale  has  Ix'cn  shifU'd  in  Figuix'  22 
to  cover  a greakM’  freeiuency  range. 


49 


TRACE  3—8  JAN.  76 


51 


Fif^urc  22  — Vibration  Data  Position  23  and  24 


;5.().  2. 


V'ibration  Tests  With  Thomial  Isolators 


As  positions  23  and  24  are  representative  of  the  conditions  seen  at  the 
hybrid  electronics,  testinj^  could  now  procede  with  accelerometers  at  the  23  and  24 
locations  used  to  invcstif^ate  the  effect  ol  the  isolators  on  the  amplification  factor 
and  resonant  freciucncy. 

These  results  are  shown  in  Ti^vure  23.  Tests  were  run  with  connector 
up  and  with  and  without  a cable  atUiched.  The  Q was  reduced  to  about  (i  (from  25) 
and  maxinuuu  resonant  point  shifted  to  330 /350  Ilz  range  at  the  5 G input.  All 
testing  to  this  point  had  lx>en  done  at  5 G input. 

From  Figuiv  23,  the  loads  on  the  hybrid  circuit  arc  inferred  as  Ix'ing 
slightly  over  30  G's  at  330  Ilz  and  with  a second  ix'sonance  showing  at 
20  G's  and  750  770  Ilz. 

Tests  run  at  the  20  G input  level  are  shown  on  Figure  24.  The 
configuration  is  the  same  as  for  tests  shown  on  Figure  23  except  one  accelerometer 
is  mounted  near  the  center  ot  the  outer  cov'er  (Position  4). 

From  Figure  24  the  major  resonant  ixak  is  changed  to  180  Ilz  and 
the  maxinuuu  G load  on  the  hybrid  circuit  as  inferred  from  position  24  is  55  G's. 

This  is  a Q of  a little  less  than  three. 

The  results  of  vibration  effects  on  the  top  cover  are  also  shown.  The 
resonances  occur  at  1900,  4100,  4500  and  4735  in  addition  to  the  mount  ring 
resonance.  Items  of  intc'rest  here  are  possible  fatigue  of  the  ouU'r  cover  and 
speculation  on  the  effect  of  removing  the  rivit  at  the  center  of  the  outer  cover  to 
inner  cover. 


3.0.3. 


Conclusions  - Vii)ration  Tests 


The  vibration  tests  should  lx  run  with  the  stincturc  which  would 
mount  the  module  to  the'  (mgine  included  in  the  test  rig.  As  the  unit  is  designed, 
the  mounting  ring  spring  raU',  as  defined  by  jilate  thiclmess  and  distance  between 
su()|)ort  mounting  ixints,  defines  the  major  system  resonances.  By  minor  design 
changes  in  the  mounting  configuration  the  n'sonant  |)oint  can  Ix’  shifk'd.  Damping 
ratios  at  resonance  ai’i*  a function  of  the  theniial  isolator  characti'ristics  when 
considered  as  a vibration  dani|X'r. 


TRACE  4 — 8 JAN.  76 
PA-2917-1 

330  Hz  THERMALLY  CONDITIONED  TRANSDUCER  MODULE 

PLANE  OF  VIB.=VIB.  INPUT  PARALLEL  TO  CONNECTOR 
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Figure  23  — Vibration  Data  - Effects  of  Vibration  Isolators 


The  miiximuni  vibratory  loads  imposed  on  the  electronics  with  the 
design  are  within  limits  which  will  idlow  the  electronics  to  survive  at  the  resonant 
condition.  At  frequencies  above  the  first  resonant  point,  the  amplification  factor 
is  near  or  less  than  one. 

Test  results  demonstrate  that  the  unit  can  withstmid  the  engine 
enviromnent.  Minor  design  modifications  in  the  moimting  ring  or  thernud 
isolators  can  be  made  to  improve  pcrfornumce. 

The  mount  to  tlie  engine  was  not  defined  during  the  project.  The 
major  proidem  from  a vibration  standjjoint  wluch  should  be  avoided  is  a resonant 
of  the  same  frequency  in  the  moimt  structure  and  the  transducer  modide. 

3.7.  THERMALLY  CONDITIONED  IMODULE  ENVmOKMEiNT 


Data  on  tjpical  nussion  jirofiles  for  advmiced  engines  has  been 
compiled  from  scverid  sources. 

Mission  environment  data  is  gl\  en  in  Figoires  25  and  2G.  Figure  25 
is  the  hypotehetical  mission  profile  for  mi  advanced  engine  control  studied  by  P&  W A. 
ITgure  26  is  a tjpical  mission  environment  as  specified  for  control  comiionents 
on  a DDA  (Detroit  Diesel  Allison)  engine  subjected  to  compressor  inlet  air 
temperature.  Accoriling  to  this  data  maxijnum  ambient  temperatures  are  468° F 
and  maximum  fuel  temperatures  are  210°  F.  Other  advance  data  from  Pratt  K- 
Whitney  Aircndt  indicates  that  in  advanced  engines,  fuel  temperature  may  reach 
285°  F in  flight  and  225°  F at  taxi  conditions.  For  this  project  to  iillow  substantial 
performance  margins,  a maximum  fuel  temperature  of  330° F and  a nuuximum 
750°C  mnbient  temperature  were  chosen  as  design  go:ds. 


Figure  25  — Full  Authority  Electronic  Demonstrator  Control 

Hypothetical  Mission  Profile  Environmental  Conditions 


APPROX.  MISSION  TI.ME  - MINUTES 


Operating  elfects  must  be  considered  not  only  during  flight  con- 
ditions but  tilso  the  effects  associated  with  "heat  soiUv"  at  shut  down.  No  specific 
design  requirements  or  conditions  wMch  would  define  a bench  simulation  are 
currently  available. 

On  a hot  shutdown,  the  following  factors  should  be  considered; 

• The  thermoelectrics  cannot  be  mn  without  a fuel  flow 
through  the  heat  exchiuigero.  The  40  to  50  watts  of  electrical 
power  applied  and  the  insulating  characteristics  of  the  double 
cover  design  would  result  in  extensive  internal  heating. 

• I’rior  to  shutdown,  the  fuel  temperature  will  be  approximately 
200° F based  on  Figure  25  and  the  pi’otected  electronics 

near  100°  F.  With  the  insulating  effect  of  the  double  cover 
and  the  thermal  lag  of  the  unit,  the  electronics  shoidd  not 
exceed  tlieir  maximum  non  operating  temperature  limit. 

• In  the  unpowered  state  the  electronics  may  be  stored 

in  temperatures  to  302°  F.  With  power  applied,  the  electronics 
are  designed  for  operation  over  a temperature  range  of  -65°  F 
to  +257°  F. 

A realistic  hot  soak  or  shutdown  should  be  established  Ln  terms  of 
maximum  ambient  temperatures  and  duration  and  a simulated  sluddown  run  made 
on  the  system  for  evaluation. 


SECTION  IV 


ELECTRONIC  DESIGN 


■i.  1.  PRELIMINARY  DESIGN 

A prcliniinan  design  studj'  was  performed  to  determine  the  optimum 
overall  design  features  of  a thermally  conditioned  module.  To  be  consistent  with 
aircraft  requirements,  the  module  had  to  be  small  and  light.  To  meet  the  weight 
criteria,  a aluminum  constmetion  was  selected.  To  meet  size  requirements,  a 
hybrid  integrated  circuit  became  the  obvious  choice.  So  that  a sigiiificimt  amount  of 
signal  processing  cc  aid  be  accomplished,  a hybrid  substrate  size  of  one-square 
inch  was  selected.  A thermocouple  signal  was  selected  as  representative  of  the 
type  of  low  level  signal  with  the  need  for  conditioning.  Multiple  sensors  were  used 
so  as  to  be  representative  of  aircraft  practice.  Various  forms  of  signal  conditionmg 
were  considered.  The  prime  requirement  being  that  the  output  signal  l)c  compatible 
with  the  high  perfonnance  requirements  of  a digital  computer  control  systtmi. 

The  simplest  method  considered  consisted  of  straight  power  amplifi- 
cation to  increase  signal  power  relative  to  background  noise.  This  was  rejected 
because  the  output  signal  did  not  appear  in  digital  form  and  could  not  be  readily 
measured  by  digital  circuits. 


A second  method  considered  consisted  of  changing  the  voltage  of  the 
thermocouple  to  a frequency.  The  output  frequency  would  then  be  proportional  to 
input  signal  level.  The  output  is  immune  to  amplitude  variations  due  to  noise. 

The  frequency  t>  pt>  out(xit  caji  easily  be  measured  by  digital  circuits,  rlic  time 
required  for  this  measurement,  however,  is  rather  long.  Another  problem  is  th(^ 
design  of  precision  voltage  to  frequency  convertc'r.  Several  designs  were  evaluaU'd; 
none,  however,  showed  promise  ol  meeting  our  accuracy  ix?(|uirements.  Therefore, 
this  conversion  metliod  was  rejecU'd. 


The  tliird  method  evaluated  and  selected  for  this  project  results  in  a 
ixilse  width  modulated  output  signal.  This  method  has  advantages  in  accuracy  and 
six-ed  over  other  methods.  .Another  advantage  is  the  readily  avml.able  digital  circuit n 
required  for  [xilse  width  modulation  and  demodulation.  In  this  demonstration  digital 
pulses  were  sent  over  a p;iir  of  wires;  the  sigmil  tyjK',  however,  is  directl\  ;ipi)lic.ibli' 
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to  transmission  using-  fiber  optics.  A simple  circuit  modification  could  accommodate 
this  transmission  mode. 

To  convert  the  analog  thermocouple  signal  to  a pulse  width,  a rather 
novel  approach  was  developed.  The  heart  of  the  conversion  circuit  used  a Motorola 
monolithic  integrated  circuit  tmalog  to  digital  (A/D)  convetter.  Noni.ally 
the  A/D  converter  is  thought  of  as  a single  unit.  The  modulator  portion  uses  a 
dual  slope  A/D  conversion  technique  to  produce  a pulse  widtli  output.  The  demodulator 
is  used  as  the  readout  device  converts  the  pulse  width  to  a binary'  number  which  is 
displayed.  Each  input  data  signal  rcciuircs  only  a single  conversion  to  produce  a 
pulse  width  and  a digital  display.  Multiplexing  can,  therefore,  be  used  to  send  different 
bits  of  data  in  succession  over  the  data  linl'C  between  modulator  and  demodulator. 

4.2.  BREADBOA RD  DESIGN 


The  electronic  circuit  for  the  thermally  conditioned  transducer  was 
initially  designed  and  built  in  breaefcoard  form  for  test  purposes.  The  end  product, 
however,  was  built  as  a thick-film  hybrid  integrated  circuit.  Figure  27  is  a block 
diagram  showing  the  functional  interrelationship  of  the  thermally  conditioned  module 
and  the  readout  module.  Schematic  diagrams  of  the  Thermally  Conditioned  Sensor 
Module  and  the  Readout  Module  are  shown  in  Figures  28  and  2‘J  respectively. 

In  this  sensor  system,  tlie  ;malog  to  pulse-width  converter  is 
the  heart  of  the  system.  The  unit  employed  for  this  application  is  the  IMotorola 
MC1505.  It  is  the  analog  system  of  a dual  ramp  analog-to-digital  conversion  system. 
Tliis  unit  establislies  a pulse  width  proportional  to  tl;e  input  voltage.  This  signal  is 
transmitted  through  cables  where  it  is  si\bseciuently  converted  to  a digital  signal  in 
the  pulse-to-digital  block.  The  pulse-to-digilal  lilock  consists  basically  of  a counter 
into  which  clock  pulses  are  gated  tluring  signal  pulst'  iK'i-i.xl. 

The  \/I)  converter  system  is  shown  in  det:.M  in  Fig'U’e  30.  The 
analog  subsystem  the  Motorola  IMCl.^Of)  monolithic  integrated  edreuit  shown  in  the 
blocked  area  of  the  circuitrv , consists  of  an  integrator,  a comparator,  a reference 
converter  amplifier,  an  input  signal  eonverter  amplifier,  a regidated  reference 
voltage  source  and  a high  six-ed  current  switch. 

Figuri'  31  illustrates  the  timing  sec|uenee  of  the  integrator  charge' 
(signal  curi-ent  i^),  discharge  (reference  current  i|^),  comparator  level,  ramp 
control  le%'cl  and  the  mathematical  derivation  of  signal  in)Hit  to  outixit  reading. 


00 


Figure  2S  — Thermally  Conditioned  Sensor  Module 
Schematic  Diagram 


Thermally  Conditioned  Sensor  Module  Readout 
Console  Schematic  Diagram 


Fissure  — A/D  Converter  Functional  Diagram 


Figure  31  — Du;il  R;imp  A/D  Conversion  Waveforms 
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Diitiallj',  the  input  siy;nal  that  is  converted  to  current  is  intcKrated  to 
linearly  increase  the  charge  value  and  voltage  output  of  the  integrator.  This  process 
is  continued  for  a fixed  period  determined  by  tlie  time  required  to  fill  the  counter  in 
the  logic  section  of  the  Readout  Module.  The  elock  is  gated  into  the  counter  when  the- 
integrator  output  crosses  zero.  When  the  counter  is  full,  a high  signal  from  tlie 
counter  is  placed  on  the  ramp  control  line  which  activates  the  switch  in  the  analog 
subsystem  (MC1505,  Figui'e  30)  to  direct  the  reference  current  into  the  integrator 
with  a reversed  polarity  to  linearly  reduce  the  integrator  charge  and  outixit  voltage. 
When  the  output  crosses  zero  as  sensed  by  the  comparator,  the  clock  is  stopjjed  anil 
the  count  is  a measure  of  the  time  required  to  reset  the  integration  back  to  zei’o. 

This  time  is  proportional  to  the  input  signal  level. 

The  use  of  one  clock  to  set  the  integration  time  duration  and  to  also 
establish  the  count  measure  of  the  reference  reset  interval  eliminates  am  clock 
frequency  variable  from  the  measurement.  Also,  any  integration  rate  change  due  to 
integrating  capacitor  variation  applies  to  both  signal  current  integration  and  rcfei’ence 
current  integration,  and  is,  therefore,  cancelled  out  in  the  reading. 


The  clock  in  the  readout  was  set  to  run  at  appro.ximately  800  k llz.  to 
yield  a minimum  sample  rate  of  133  readings  per  second  or  17  complete  8-channcl 
cycles  per  second.  The  digital  value  of  each  measurement  is  present  on  the  counter 
outputs  of  U7,  U8,  U9  :md  UlO  of  Figure  29  in  BCD  code  form  at  the  end  of  each 
measurement.  This  information  is  then  placed  on  the  two  sets  of  latch  registers 
DSl  through  DS4  and  U15  through  U18.  The  first  of  these  (DSl-DS  l)  is  for  readout 
and  the  second  (U15-U18)  is  for  BCD  code  outjxit  and  for  input  to  the  D/A  converters 
U21  and  U22.  The  strobing  of  the  latch  registers  for  readout  is  reduced  100  to  1 by 
counters  U12  and  U14  to  give  a readout  update  of  1.  7 per  second  to  allow  readings 
with  some  superimposed  ripple. 

The  thermally  conditioned  module  as  shovni  in  Figure  2ts  has  a total  of 
eight  thermocouple  inputs  with  multiplexing  to  jx'rmit  use  of  onl_\'  one  pre-amp,  one 
mixer  and  one  A/l)  converter.  Multiplexing  was  therefore  required  along  with  some 
form  of  automatic  and  manual  sequencing  control.  A minimum  number  of  input  lines 
were  desired,  and  accordingly,  a pulsed  octal  counter  decoder  (U7)  was  chosen  to 
activate  the  multiplexers  ur>  and  U(>.  To  step  from  one  injHit  to  tlie  next,  onl\  a 
pulse  is  required.  But  for  proix'r  known  channel  selection,  .some  means  was  required 
for  starting  each  sequence  on  a definite  channel.  The  "O"  .select  outixit  on  tlie  counter 
decoder  U7  which  is  keyed  in  with  a pulse  to  the  reset  input  is  used  for  channel 
selection.  A decision  was  madi'  to  use  a series  of  si'ven  pulses  and  an  eighth  judse 
wider  by  a factor  of  five.  An  R-C  filter  was  plaei-d  ahead  of  the  reset  input  to  eliminate 
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the  narrow  pulses.  The  narrow  pulses  into  pin  11  step  the  decoder  through  the  eight 
outputs  and  the  wide  channel  "O"  pulse  resets  the  decoder  to  ”0"  by  passing  through 
the  filter  RTl  and  C8  to  activate  the  reset  input.  It  was  tlien  necessary  to  prorade  a 
circuit  in  the  Readout  Module  that  c:m  generate  such  a series.  A design  was  imple- 
mented to  generate  two  concurrent  series  of  pulses  of  one  microsecond  and  10 
microseconds  wide  triggox'd  by  the  completion  of  each  measurement  bj 
tnuisition  of  the  compai'ator  line  from  the  A/D  converter.  The  generators  were  a 
pair  of  monostalrle  multixabrators  U21  as  shown  in  the  Readout  Module  schematic 
in  Figure  -1-.1  anti  the  Sequence  Generator  in  Figure  32.  The  selection  of  one  wide 
pulse  for  each  seven  narrow  pulses  was  generated  again  with  an  octal  counter  decoder 
clocked  by  the  comparator  line.  The  decoder  output  triggers  an  alternate  gating 
reset  circuit  to  insert  the  wide  eighth  pulse  into  the  output  sequence. 

Conditioning  of  the  input  signals  was  needed  for  differential  input,  for 
amplification  and  mixing  of  signals,  cold  junction  compensation  and  offset  voltage. 

The  circuit  designed  for  this  application  employed  3 amplifiers,  one  for  each  line 
of  input  and  a third  for  mixing.  The  mixer  was  designed  for  use  as  an  instrument 
type  input  amplifier  with  inlierent  capacity  for  placing  ground  line  voltage  in  a common 
mode  for  cancellation.  This  instrument  amplifier  also  presents  a high  input  imix'chuice 
for  both  differential  and  common  mode  ix;miitting  application  of  the  commonl\-  used 
multiplexer  CD  -lOtiG. 

Cold  junction  comix'iisation  is  provided  by  a silicon  diode  IN!)l(i,  the 
voltage  drop  of  which,  with  a current  source,  is  inversely  proportional  to  tem]X'rature. 
This  voltage  drop  is  api^lied  through  a proportioning  resistor  to  the  inixit  of  the  final 
amplifier  in  the  pi’e-amp  signal  conditioning.  Also,  a fixed  reference  voltage  is 
applied  to  this  current  mLxing  and  proportioning  to  get  a zero  output  with  a signal 
input  of  zero  degree  Farenheit  from  a chromel-alumcl  thermocouple.  The  mLxing 
resistors  for  signal,  cold  junction  com|x  nsation  and  offset  were  selected  and 
proportioned  to  get  a zero  output  for  a 0®F  thermocouple  signal  and  one  volt  outixit 
for  3000°  F signal  injxit. 

The  sensor  sj  stem,  shown  in  block  diagram  in  Figure  27  ,\  as  desigiH'd 

with  a minimum  number  of  interconnectmg  lines  between  the  Conditioned  Module'  and 
the  Readout  Module  as  well  as  a minimum  number  of  functions  and  circuits  in  the 
sensor  module,  fix'  interface  ix>int  in  the  A/D  conversion  places  the  circuit  comi>o- 
nents  sueli  as  the  control,  counter,  clock  and  J'cgistc'rs  in  tlu'  Iteadout  Module,  thus 
minimizing  the  numbei'  of  interconnecting  lines.  The  interface  at  the  output  of  tlu' 
analog  to  pulse-widtii  conversion  point  jirovidetl  for  a desirt'd  |xilse  signal  in  jilace  of 
amplitude,  thus  eliminating  the  necessity  of  many  digibil  lines  at  .such  an  interface 
point. 


4.3. 


BREADBOARD  TEST 


The  electronic  circuit  was  designed  to  operate  at  an  ambient  temperature 
range  of  -40°  F to  i lSO^F  with  a maxim imi  reading  error  of  0.  5%  or  15^^!’  for  an 
equivalent  sensed  tcmix'ratiu’c  range  of  0 to  3()()0^F.  The  circuit  was  designed  and 
components  were  selected  to  provide  for  the  minimization  of  errors  and  drifts  from 
three  sources  - input  null  drift,  gain  change,  and  cold  junction  compensation. 

The  prime  source  of  null  drift  is  the  input  offset  voltage  of  the  input 
differential  amplifier.  A tj  pe  uA  725  was  selected  because  of  its  low  offset  drift  of 
2uV/°C.  Tliis  would  result  in  a 5°F  or  0.2%  for  the  3000°F  span.  The  gains  were 
proportioned  in  the  three  amplifier  stages  so  that  the  drifts  in  the  second  ;md  tlurd 
stages  are  effectively  of  secondary’  value. 

.\nother  source  of  drift  was  due  to  the  amplifier  giun  change.  Therefore, 
the  design  criteria  was  to  employ  an  adequate  number  of  stages  and  gain  values  to 
result  in  a feedback  degeneration  of  sufficient  magnitude  to  mtike  the  gain  a function 
of  stable  feedlsack  resistor  networks.  With  25  ppm  resistors,  the  maximum  drift 
contribution  is  0. 15%. 

A third  source  of  drift  is  the  cold  junction  compensation  signal.  This  is 
caused  by  the  temperature  sensitivity'  of  tlie  forward  drop  across  a silicon  diode. 

This  yields  a 5°F  to  8°F  or  0.29i  to  0.3%  error  attributed  to  the  difference  in  the  non- 
linearity and  temperature  drift. 

The  I’oot  square  summation  of  those  error  sources  is  0.3  to  0.  4%  which 
is  within  the  0.5%  limit.  Measurements  made  over  the  temperature  nmge  of  -40°  F 
to  +180° F were  found  to  })c  within  the  required  tolerance  of  0.5%  error  for  the  1)read- 
board  model. 

4.4.  HYBRID  CIRCUIT  PERFORMANCE 


The  final  version  of  tlie  breadboard  model,  after  having  completed  the 
temperature  ptn'formance  tests  and  modification,  was  used  as  the  circuit  for  tlie 
construction  of  the  tliick-film  hybrid  circuit.  Three  units  of  the  hybrid  circuit  w as 
built  by  the  Aerospace  Systems  Division  of  The  BendLx  Corjxiration  in  Mishawal-;a, 
Indiana. 


.'\  multicliiii  aiiproach  was  selected  for  tliis  project.  Tliis  apiiroacli 
limits  the  substrate  circuitn  to  a conductor  pattern.  The  circuit  elements,  resistors, 
capacitors,  and  semiconductors  wert'  inii'chased  items  meeting  the  requirement  of 
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MIL-STD-883A.  The  package  selected  for  this  circuit  was  the  TEKFORM  20139 
1.25"  X 1.25"  platform  mid  a TEKFORM  20270  cover.  The  unit  was  backfilled  with 
dr\'  nitrogen  imd  sealed  with  SN  00  solder.  The  substrates  used  are  alumina,  pre- 
coated  with  sputtered  chromium  and  gold,  then  gold  plated  up  to  a thickness  of  150 
miero  inches.  Substrate  size  was  1"  x 1"  x 0.  025".  The  substrates  were  subtractively 
etched  to  provide  circuit  interconnects.  Since  power  dissipation  in  the  circuitry-  was 
only  0.07  watts  layout  and  hot  six)ts  were  not  a problem. 

Conductive  epoxy  was  used  to  bond  the  integrated  circuit  cliips,  resistors, 
and  capacitors.  The  epoxies  arc  microcircuit  grade  materials  which  have  been  proven 
in  militan'  programs  and  used  by  Bendix  for  several  years.  MIL-STD-883  recognizes 
the  widespread  acceptance  of  organic  polymers  m mRitarj'  hybrids  by  providmg  com- 
prehensive visual  ins|X'ction  criteria  for  organic  polymer  attachments  and  connections. 

Connections  in  die  hybrid  were  made  with  1 mil  diameter  1%  silicon 
aluminum  wire  which  is  ultrasonically  Ixinded  by  a wedge-wedge  tailless  bonder. 

This  process  is  used  liecausc  of  its  sujx'rior  reliability'  mid  because  no  assembly 
heating  is  required.  A photograph  of  the  unit  has  been  included  in  Figure  5. 

The  hybrid  units  were  tested  and  calibrated  at  the  Aerospace  Systems 
Division.  The  spmi  calibration  data  for  hybrid  S/N  02  was  within  3°F  nr  0.  1',  of  the 
required  values  whicli  was  well  witliin  the  overall  sixcification  of  0.5'^-.  The  null 
offset  was  10° F.  Althougii  this  ainxared  to  be  of  some  consequence,  tlie  overall 
residt  includes  a final  offset  balancing  value  which  serves  to  eliminate  tlie  fixed 
offset  of  the  cold  junction  compensation. 

The  hybrid  SN  01  was  assembled  in  the  Thermally  Conditioned  Trans- 
ducer SN  01.  Resistors  and  diodes  were  selected  for  propt'r  cold  junction  compensation 
signal  for  the  temperature  range  of  - J0°F  to  ♦ 180°F.  The  most  common  ambient 
range  of  75°  F and  180°  F were  selected  as  the  calibration  ]X)ints. 

Tests  based  on  the  temperature  parameters  were  conductc'd  on  the 
Thennally  Conditioned  Transducer  SN  01  for  gain  and  cold  junction  compensation 
measurements.  The  mmximum  error  for  gain  (span)  readings  was  1.  I'T  whicli  exceeded 
the  0.5T  limit.  The  amplifier  chips  for  the  2nd  .and  3rd  stages  of  SN  01  were 
inadecjuate  for  tliis  temix'rature  range  and  were  tlierefore  clianged  in  the  subsiajuenl 
units  SN  02  and  SN  03. 
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The  second  unit,  SN  02  was  installed  in  a Thermally  Conditioned 
Transducer  Assembly.  Thermal  tests  were  conducted  on  the  assembly.  The  results 
obtained  showed  an  error  of  0.  4%  and  a cold  junction  compensation  of  5°F  or  0. 2%. 

A third  hybrid  module  tJiat  was  procJuced,  SN  03,  was  buHt  primarily  to  be  used  as’ a 
spare  unit. 

The  transfer  and  error  curves  are  shown  in  Figure  33  and  34 
respectively.  The  cold  Junction  compensation  temperature  voilues  and  the  corresponding 
error  curves  are  shown  in  Figaire  35  . The  error  curves  are  indicative  of  the  non- 
linearity of  the  silicon  diode  voltages.  The  error  for  the  SN  02  module  is  less  than 
±5°F.  which  is  within  specification  limits.  The  error  for  the  SN  01  module,  however 
was  over  the  limit.  This  attributed  to  the  excessive  drift  in  the  last  amplifier  stage 
plus  the  non-linearitj'  of  the  diode.  Thus,  the  use  of  a higher  performance  op-amp 
in  the  SN  02  module  has  resulted  in  satisfactory-  compensation. 
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Figurt'  33  — I’ransfer  and  Error  Cuiwes  - Breadboard 
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Fif?ure  34  — Transfer  and  Error  Curves  - SN  02 
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F’if?ure  35  — Cold  Junction  Conifxinsation 


4.5. 


TEMPERATURE  CONTROL 


A Thermoelectric  Temperature  Controller  along  with  a thermoelectric 
element  is  used  to  control  the  temperature  of  the  transducer.  The  thermoelectric 
element  serves  as  a heat  pump  which  is  capable  of  providing  for  bi-directional  heat 
flow  as  determined  by  the  polarity  of  the  actuating  current.  The  current  is  controlled 
by  the  reference  temperature  limits  and  a temperature  sensing  element  (a  thermistor) 
on  the  hybrid  circuit.  A schematic  diagram  of  the  Thermoelectric  Temperature 
Controller  is  showTi  m Figure  37.  Figure  36  shows  a functional  block  diagram 
of  the  controller  which  consists  of  a power  supply,  a three-state  semiconductor  power 
switch,  and  a control  circuit  for  the  switch.  The  power  supply  is  a switching  regulator 
type  employing  an  oscillator  with  a pulse-width  control  input.  The  pulse  width  is 
controlled  by  a reference  current  established  by  a potentiometer  setting  and  the  control 
feedback  signal  input.  The  feedback  is  taken  from  the  current  sense  of  the  output  to 
provide  a current  regulation  to  match  the  current  reference  setting. 
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Figure  36  — Controlled  Power  Source  for  Thermoelectric  Elements 

I 

The  output  to  the  thermoelectric  load  is  controlled  by  the  three-stage 
[ transistorized  power  switch.  The  switch  is  a four-transistor  bridge  type  which 

I provides  for  a plus,  a minus  or  a zero  current  to  the  load. 
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Figure  37  — Thermoelectric  Temperature  Controller 

(Electrical  Schematic) 


The  control  circuit  for  the  power  switch  consists  of  two  flip-flops  and 
four  comparator  amplifiers  with  four  temperature  reference  voltages.  The  output 
of  the  thermistor  temperature  sensor  is  compared  to  the  four  references.  Figure  tJS 
shows  a gi'aph  of  current  output  versus  thermistor  temperature  in  the  hybrid.  When 
the  high  temix.'rature  limit  is  readied  at  T4,  the  comparator  triggers  the  high  level 
flip-flop  to  switch  the  output  current  on  to  the  cooling  direction.  As  the  tcmiicratuix' 
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Figure  38  — (Tirrent  Outinit  vs  Thermistor  TcmiK'raturc 

drops  below'  the  lower  limit  'F3,  tiie  flip-flop  is  triggered  back  to  the  otlier  state  whicli 
cuts  off  the  two  cooling  switches.  Tlie  unit  therefore  cycles  between  these  limits  wlien 
the  tliermal  conditions  in  the  h>Iirid  requires  a cooling  control  mode.  Wlicn  a heating 
mode  is  required,  the  control  cycles  similarly  between  temixiratures  T1  ;md  T2  with 
the  other  flip-flop  and  T1  and  T2  limit  comparators  oix'rating  to  activate  the  other  two 
liridge  switches  for  heating  curi’cnt  direction. 

'I'he  rc'ference  voltages  w'cre  set  for  a cooling  cycle  Iietween  180°  to  18r>°F 
lu  .iting  cvele  Iietween  170°to  17o°F.  This  operating  temperature  range  w’as 
t.  ti'  pi-n\i(le  minimum  drift  due  to  temiK'raturc  changes  in  the  hybrid,  consistant 
‘ ip  iliiliiics  of  the  thermoelectric  cooling  element.  Some  ixmalfl-  in  relialiilitv 
t I i<  miHTaiare.  If  the  hybrid  iias  a base  failure  rate  of  1 at  70° F tlien 
( 170°!'  is  mu!ii|)Iied  liy  1 ; this  nuiltipl\'ing  factor  ineixmses 
■ I • at  2.",7°F.  'I'lie  170°  F operating  temperature  increases  tlie  failure 
i i used  i)|K‘rating  temperature  range  decreases  tlie  electronic 
e.|  t.f  M. 
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SECTION  V 


THERMOELECTRIC  COOLING  ELEMENT 


The  thermoelectric  cooling  elements  were  developed  under  subcontrnet 
to  Bendix  by  Ohio  Semitronics  Inc.  of  Columbus,  Ohio.  Standard  cooling  units  avail- 
able from  several  manufacturers  are  generally  limited  to  operation  at  temperatures 
below  300°  F.  Units  developed  under  this  contract  provided  3 watts  of  cooling  with  a 
hot  plate  temperature  of  345°F  and  a differential  temperature  of  130° F.  (For 
references  purposes  Appendix  1 pro\ddes  a description  of  the  thermoelectric  effect). 

Six  thermoelectric  devices  were  provided  to  Bendix.  The  first  three 
units  were  used  for  development  tests.  The  final  three  were  used  in  the  three 
thermally  conditioned  modules  built  under  this  project. 

The  thermoelectric  elements  were  built  in  modules  1-7/10  x 1-7/10  x 5/10 
inches.  The  major  differences  between  the  thermoelectric  elements  was  in  the  number 
of  couples  within  an  clement.  Unit  1 contained  10  couples,  unit  2 contained  31  couples, 
and  the  remaining  four  units  contained  44  couples.  The  last  three  of  these  units  were 
designed  for  operation  at  temperatures  to  345° F.  At  these  temperatures  the  solder 
used  within  the  elements  becomes  a problem.  To  prevent  performance  degredation 
due  to  solder  migration  flame  sprayed  nickel  was  used  for  contact  formation. 

The  thermoelectric  elements  (couples)  are  formulated  from  a Bismouth 
Telluridc  [xilycrystalinc  alloy.  The  formulation  of  the  alloy  and  the  manufacturing 
process  control  the  characteristics  of  the  elements.  The  basic  material  used  in  the 
thermoelectric  couples  is  Bismouth  Telluridc.  The  alloying  and  doping  matt' rials 
include  Tellurium,  Antimony,  Arsenic,  Selinium  and  Antimony  Tri-Iodide.  Doping 
determines  whether  the  polyorystals  will  be  P,  (excess  positive  charges)  or  N (excess 
negative  charges). 

Design  parameters  for  the  couples  within  the  thermoelectric  elements 
are  given  in  the  hclow  foi-  a I'l]  ol  285”  F: 


L/A  = 4 cm  ^ = couple  leg  length  to  area  ratio 

a - o.  = Seebeck  coefficient  = 430  x 10  ^ volts/°K 
p n 

_3 

f p^  = Resistivity  of  couples  = 4.0  x 10  ohm/cm 

—2  “°K 

^ = Thermal  conductUnty  of  legs  = 2.8  x 10  watt/cm 

= Resistance  of  a couple  0.  8 x 10~^  ohms/junction 

—2 

= Thermal  conductivity'  of  couple  0.  7 x 10  watts/“K 

Performance  characteristics  for  the  Ohio  Semitronics  model  TM-1  -1011 
is  given  in  I'igiire  39  . The  optimum  current  for  this  device  is  in  the  range  of  8 to 

10  amps.  To  obtain  the  best  coefficient  of  performance  8 amps  was  selected.  In 
application  of  this  cooling  device  the  cold  plate  connected  to  the  hybrid  p;  ckage  :md 
the  hot  plate  sinks  heat  to  the  fuel  heat  exchanger.  From  the  graph  it  can  be  seen 
that  at  a cold  plate  temperature  T^  of  180°  F and  a hot  plate  temperature(Tj|  of  285°  F 
this  unit  can  pump  4.  5 watts.  From  test  data  the  coefficient  of  performance  at  this 
point  is  0. 18.  4'he  dashed  line  on  Fignre  39  shows  performance  data  for  the  thermo- 
electric cooling  elements  with  a Tpj  of  345°  F.  At  tliis  point  the  unit  can  pump  a two 
watt  theiamd  load  and  maintain  the  cold  plate  temperature  at  195°  F. 

The  thermoelectric  couples  arc  formulated  from  a Bismouth  Tellurid 
polycrystaline  alloy.  Fxtensiv'e  testing  of  these  materials  by  the  manufacturer 
has  revealed  two  possible  failure  modes  for  the  elements.  Tests  at  temperatui’c" 
of  390° F indicate  that  a decrease  of  about  5%  in  the  coefficient  of  performance  is 
probable  after  100  hours.  At  320°F  no  change  in  efficiency  has  been  noted  after 
testing.  The  high  tcmpci'atures  cause  migration  of  the  elements  within  the  idloy 
resulting  in  a loss  in  efficiency.  The  operating  temperature  limit  can  be  increased 
by  a reformulation  of  the  alloy.  The  formulation  used  in  units  tested  was  a comin-o- 
mise  to  obtain  a high  coefficient  of  performance  :md  meet  the  330° F hot  plate  tempera- 
ture go;d. 


Since  the  thermoelectric  couples  arc  imlycrystidine  materials,  shock 
and  stress  can  cause  fidlures  due  to  fractures  or  a tlecrcasc  in  performance  due  to 
microscopic  cracks  in  the  material.  Therefore  any  package  ilesigned  to  use  thermo- 
electric elements  must  lie  designed  so  as  not  to  c.xceed  the  manufacturers  stress 
limits  for  the  elemeids.  The  thermoelectric  elements  as  used  in  the  TC'M  were 
nu)imteil  Ijctween  two  date  plates  to  form  a rigid  stincture  lieRl  with  four  bolts 
torqued  tf)  8 inch-pouiuls. 


COLD  PLATE  TEMPERATURE 


SECTION  VI 


ALTERNATE  SENSOR  STUDY 


G.  1 PURPOSE 


The  purpose  of  the  alternate  sensor  study  was  to  evaluate  where  a 
thermally  conditioned  package  could  find  application  in  an  engine  environment.  The 
selection  made  for  the  test  and  development  portions  of  this  project  was  a thermo- 
couple interface  circuit.  The  main  thrust  of  the  project  however,  was  to  develop  a 
cooling  method  for  high  tem|X)raturc  envirorauents.  The  package  develo(3ed  can 
serve  any  application  where  a cooled  enviromnent  is  rec|Uircd. 

G.2  ENGINE  SENSORS  AND  POSSIBLE  APPLICATIONS 

Position  Sensors  --  Types  of  position  sensors  found  on  a turbine  engine 
include;  potentiometers,  resolvers  and  linear  variable  differential  transformers 
(LVDT's).  These  devices  arc  generally  operable  'in  environments  to  175° F.  Special 
designs  arc  available  that  e.xtcnd  that  range  to  750° F.  These  devices  arc  best 
handlctl  by  fuel  cooling  alone.  Thermoelectric  cooling  in  these  applications  is  not 
judged  to  be  practical. 

S;x.'cd  Sensing  — Speed  sensing  is  accomplished  by  use  of  varial)le 
reluctance  sensors.  These  sensors  arc  oix'rable  in  environments  to  750*  E in  s]K'cial 
designs.  These  again  are  best  suited  to  fuel  cooling  if  imy  is  required.  These 
dc\-iccs  would  require  thermoelccti'ic  cooling  only  if  solid  state  devices  are  contained 
therein.  Commercial  semsors  currently  employ  Hall  effect  aud  liglit  sensitive 
devices  for  speed  sensing  applications.  These  devices  arc  used  in  commercial  pro- 
ducts because  they  exhibit  e.xcellent  noise  immunity'.  In  aircraft  engine  environ- 
ments, they  are  compatible  with  size  and  power  requirements  of  thermoelectric 
cooling  mill  could  be  used  with  the  type  of  module  developed  here. 

TeniiK'rature  Sensing  — Teniix'rature  sensing  in  electronic  engine 
controls  has  traditionally  been  accomi)Iishcd  with  thermocouples  and  resistance 
probes.  The  sensors  tliemselves  do  not  require  cooling  but  tlie  electronics  associated 
with  these  sensors  can  licnefit  from  signal  conditioning  on  the  engine  as  demonstrated 
in  this  project.  Il  tlic  engine  controller  is  mounted  some  distance  from  the  sensor  the 


capabilitj’  to  buffer  and  amplify-  the  signal  can  be  advimtageous.  In  this  system  eight 
thermocouples  were  multiplexed  and  the  signals  were  clianged  to  pulse  widtli  nuHln- 
lated  form.  The  multiplexed  signals  were  transmitted  over  a pair  of  wiivs.  In 
applications  where  weight  or  extreme  noise  immunit>’  is  I’equired  the  signal  can  be 
transmitted  over  an  optical  fiber  link. 

The  optical  pyrometer  is  a new  device  being  developed  for  turbine  engine 
use.  The  device  uses  a silicon  diode  to  measure  the  radiated  energy  emitted  from  tlie 
hot  turbine  blades.  The  silicon  diode  suffers  from  the  same  tcmpcratui’e  limitations 
as  other  silicon  solid  state  devices.  The  operating  temperatux’e  is  limited  to  257° F. 
The  device  as  curi’cntly  designed  use  a long  optical  relay  linl<  to  remove  the  sensor 
from  the  hot  ambient  and  then  uses  air  cooling  to  reduce  ambient  temperatures.  Tlie 
thermally  conditioned  sensor  approach  is  a natural  application  for  this  device. 

Pressure  — Extreme  accuracy  pressure  sensors  (0.01%  of  full  scale) 
are  required  by  modern  turbine  engines.  Sensors  that  meet  such  accuracy  require- 
ments all  have  electronics  packaged  with  the  sensor.  Therefore,  the  sensor  must  1>e 
located  in  an  enydronment  consistent  with  the  electronics.  If  the  sensor  is  located 
with  an  off-engine  mounted  computer  the  sigual  lags  and  tr;msport  delays  can  become 
so  long  as  to  make  the  pressure  control  parameter  ineffective  for  control  purposes. 
The  thermally  conditioned  module  could  be  used  to  contain  several  pressure  sensors, 
process  tlie  signals  and  trimsmit  them  to  a control  computer. 

Implemcntiition  of  pressure  sensors  in  the  thenually  eonditioni'd 
module  was  evaluaU'd.  The  ctxneept  for  the  desigu  of  the  pressure  sensing  moduli' 
is  shown  in  Figuri'  40.  In  this  design,  the  thermoeleetrie  comiionent,  the  pi'imaty 
heat  exchanger  and  isolator  are  identical  to  the  previous  design.  Other  parts  of 
the  module  ri'i(uire  some  modifii'ation  and  the  incor()oration  of  additional  parts. 

The  n-.odi fieation  inelude  a slight  enlargement  in  the  electronic  paekagi'  and  a reduc- 
tion in  th('  muuber  of  connectors.  The  size  of  the  prink'd  circuit  board  rt'tuains 
thi'  same  as  that  of  the  thennocouplc  circ'uit.  The  cold  plate  is  mollified  to 
accommodak'  the  lu-w  electronic  [xaekage.  These  elements,  along  with  the  thermo- 
elcetries,  heat  exehangi'rs  and  isolator  are  attached  to  the  mounting  plati'.  The 
pressure  sensitive  I'lements  ai’c  loeakd  on  the  opposik  side  of  the  mounting  plati'. 

Mechanically  , the  mounting  plate  is  ridged  to  ixrevent  resonant  vibration 
in  the  range  of  fre(]ueneies  associated  with  jet  engines.  To  accommodate  for  the 
pro|X'r  ducting  of  the  fuel  for  cooling  and  pressure  to  the  pro|K'r  locations,  poids  arc 
drilled  in  the  plate  near  the  mounting  lugs  and  nuid  channels. 


The  heat  conduction  covers  and  convection  shields  used  are  similar  to 
the  one  used  for  the  tliermoeleetric  module.  The  assembly  is  void  of  any  direct 
metal  heat  conducting  patli  between  tlie  ambient  heated  surface  and  the  heat  exclamger 
except  at  tlie  mounting  lugs  and  the  electrical  connector.  The  areas  should  be  lagged 
after  installation.  The  laggiiig  should  cover  the  exposed  parts  of  the  mounting  plates 
and  some  length  of  tlie  attaching  Imes. 


Structurally,  the  imicr  cover  of  the  electronic  package  is  in  diivct 
contact  with  the  secondary  heat  exchanger.  The  inner  cover  of  the  pressure  sensing- 
elements  is  in  direct  conbict  with  the  seeondaiy  heat  exchanger.  Using  this 
construction  and  some  lagging  over  the  moimting  lugs  and  lines,  the  pressure  sensing 
elements  will  have  a temiJerature  enviromnent  of  about  10°  F to  15°  F above  the  fuel 
temix'ratiirc.  The  electronics  will  have  a thennoeleclric  cooler  to  bring  the  mounting 
plate  lor  the  electronics  about  80°  F IxTow  the  temix'rature  of  the  fuel. 


SL'CTION  VII 


ENGINE  TESTS 


GENERAL  DESCRIPITON 


The-  objective  of  the  engine  test  phase  of  th<?  program  \^as  to 
demonstrate  the  operational  capability  and  endurance  of  the  Bendix 
FXD-3  3900  thermally  conditioned  electronic  module  when  subjected  to  the 
acoustic  and  vibration  environment  of  an  aircraft  turbine  engine.  The  module 
was  installed  on  a JT9D  turbine  engine  in  a sea  level  test  cell  at  Pratt  8.- 
Whitney  Aircraft  in  Hartford,  Connecticut.  An  existing  on-going  engine  test 
program  was  utilized  to  provide  the  environmental  conditions.  The  module 
was  not  used  to  control  the  engine  since  the  purpose  of  the  test  was  only  to 
evaluate  the  unit  uncU-r  engine  environmental  conditions.  The  program  goal 
was  to  opi'rate  tlu'  module  with  tile  engine  running  for  a minimum  of  100 
hours.  Since  no  failures  wi' re  encountered  in  the  module,  the  test  exposure 
was  arbitrarily  I'xtendi'd  to  ZOO  hours. 


The  JT9n  engine  is  manufactured  by  Pratt  8.-  Whitney  Aircraft 
and  is  a two  spool  high -bypass  turbofan  in  the  43500  to  52000  pounds  of 
static  thrust  power  class.  It  is  used  on  wide  bodied  aircraft  such  as  the 
Boeing  747  and  McDonnell  Douglas  DC  - 1 0 and  is  typical  of  largi’  high  pi’ r - 
formance  turbini’  engines.  It  was  selected  for  the  thermally  conditionid 
modiiU’  test  program  because  of  the  availability  of  the  on-going  engine  test 
program  and  also  bi’cause  it  is  a modern  high  performance  I'ngine. 


i'iu'  moduli’  was  di’signi’d  to  ope  rati'  at  ambient  ti’mpe  raturi'S  to 
750”E  with  fuel  coolant  flows  to  330”e.  The  thermal  performance  li’\els 
of  the  ti’st  unit  were  [)rovi’n  in  laboratory  ti'sts  becausi’  tempi’ ratures  in  tlu' 
test  cell  would  not  approach  thesi;  levels.  The  inti’iit  of  the  engini’  tests  was 
to  show  that  the  thermally  conilitioned  module  could  withstand  tlu’  \ibralion 
environnii’nt  of  engini’  mounting. 


7.2.  TEST  KOUIPMENT 

Th(.'  electronic  equipment  used  for  the  test  program  v\a  s supplied 
by  Bendix.  The  equipment  included  a readout  module,  a thermoelectric 
power  supply  and  connecting  cables.  Power  to  the  thermoelectric  power 
supply  is  provided  through  an  interlock  module  so  that  power  and  cooling  flow 
to  the  thermally  conditioned  module  are  all  present  at  the  same  time. 

7. 3.  tp:st  conditions 


The  unit  was  mounted  on  a JT-9D  turbine  engine  and  connected  to 
the  test  equipment  as  shown  in  the  block  diagram  of  Figure  41.  During 
testing,  the  engine  was  running.  Also,  the  cooling  fluid  flow,  thermoelectric 
power  and  readout  module  power  were  all  turned  on.  The  readout  module 
was  used  to  read  the  eight  channels  of  thermocouple  data.  The  cooling  fluid 
used  for  the  test  was  ordinary  tap  water  at  its  normal  temperature.  Thi- 
water  supplied  to  the  interlock  assembly  was  maintained  at  a minimum 
pressure  of  25  psia.  The  flow  rate  through  the  module  was  to  lu’  approxi- 
mately 20  Ibs/hr.  or  2.  5 gal /hr.  This  provides  about  the  same  cooling  capaeity  a.s 
JP-4  fuel  at  100  Ib/hr.  After  passing  through  the  test  module,  the  water,  whose  temper 
ture  rise  was  negligible,  was  routed  to  a drainage  for  disposal. 

The  original  intent  of  the  program  had  been  to  use  fiud  .is  the  he.it 
sink  in  the  engine  test  program.  The  use  of  fuel,  howi'ver,  ennniel,  d with 
P&WA  safety  requirement  and  had  to  be  abandoned.  Fhi'  use  of  otlu  r fluids 
which  could  be  temperature  controlled  over  a rangi-  of  -f.S'^l  to  lOO")  w.is 
considered  but  rejected  on  the  basis  of  cost.  The  thermal  pe  rform.inci  of 
the  therntally  conditioned  module  had  bi-en  adequately  dneunu  ntod  in  I.iIhum 
tory  tests,  and  the  engine  tests  were  intendi'd  to  document  meeh.uiii  .il 
integrity  anfl  endurance.  The  type  of  fluid  used  as  a heat  sink  was  of  seeond- 
ary  importance  for  the  test  conditions. 

7.4.  KNCilNE  TE.ST  KESUl  T.S 

Engi  ne -mounted  testing  of  the  thermally  conditioni'd  eUctronie 
moflule  was  performed  at  Pratt  k Whitney  Aircraft.  The  test  vehiele  w.i.s  .i 
,IT-^D  engine  (X-4')31,  I'lu'  moduli-  was  mounted  in  pl.ice  of  ,i  st.ilion  1.5 
hleefl  on  the  engine.  Ihe  eight  ,i \a  i 1 ,i  hie  the  rmoeouple  eh.innels  were 
alloc.ati-d  to  the  following  tempe  r.ilure  me.i  s u reme  nl  s ; 
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Vibration  data  for  the  mounting  location  of  the  test  module  was  idso 
obtained  Ijy  using  an  accelerometer  and  readout  device.  Tliis  data  is  intended  to 
provide  a vibration  profile  for  the  mounting  location  at  the  various  enghie  speeds. 
Figairc  42  shows  the  test  location  of  the  thernudly  conditioned  module  and  the 
associated  thermocouple  mid  vibration  pickup  location. 

fhe  tot;d  test  time  accumulated  was  200.  5 hours.  Failures  were 
cncoiuitered  on  the  readout  console  imd  the  thermoelectric  power  supply. 

The  thernudly  conditioned  modide  S/N  101  was  shipped  to  P&WA 
for  engine  tests.  In  the  initi;d  checkout  stages  after  engine  moimting,  the  unit 
was  found  to  leak.  Tlic  unit  was  removed  ;md  returned  to  BendLx.  Disassembly- 
of  tlic  unit  showed  that  the  transfer  tubes  between  the  primary  luid  secondary 
heat  exchanges  were  too  long.  This  liad  damagetl  tlie  heat  exeluuiges  in  the  area 
of  the  O-ring  sc;ds  and  residted  in  the  leak.  The  tubes  were  shortened,  unit  S/N 
102  was  asscmblctl,  leak  testetl,  and  slupi)cd  to  P4LWA  for  engine  tests. 

A summary  of  the  test  data  is  shown  in  Figrircs  4:>,  44,  imd  45. 

Figairc  45  gi'.es  a histoi’y  of  the  hybrid  circuit  temiierature  during  the  test. 

I’he  cross  liatehed  area  rei)i’esents  the  limits  of  the  tem[)eratui’e  data  points. 

Data  was  taken  before  each  engine  run  and  after  each  engine  sliuttlown.  lime 
between  successive  data  points  varied  from  less  tluui  one  hour  for  the  early  ilaUi 
to  evex’y  24  houi’s  for  the  last  100  hours  of  test  tlata. 

IXiring  the  first  twenty  hours,  the  temperature  of  the  hybrid  circuit 
was  nuiintained  ixetween  1G5°1'  and  175°  F and  was  independent  of  the  ambient 
temperature,  liie  reatlout  module  then  failed  to  display  data,  iiventy  liours  of 
test  time  on  the  I’t'M  were  aeeunudated  before  the  engine  test  selieilule  permittett 
removal  and  repair  of  tlie  reaxlout  modide.  I'hese  wires  in  no  way  effect  the  opera- 
tion of  tlie  T(’M.  rherefore,  it  has  been  rssumed  thal  tlie  I't’M  functioned  nornudly 
during  that  iR-riod. 
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[n  foiisulUilions  with  test  engineers  it  was  aj;roc’(l  tliat  the  iailui  i-s 

wore  eaused  by  the  harsh  aeiuistie  envirumiienl  in  the  en.nine  test  cell.  TJie  readout 
module  and  [jower  su|)ply  were  eonstrueted  I'or  a staiulard  laboratory  einii'onmeiit. 
rhe  aeoustie  etu  i roiimc'iit  was  imexpeeted.  The  I'eadout  module  was,  thei  eloi'e, 
externally  paddeil  with  loam  to  aet  as  an  aeoustie  absorbin<>  material.  I'here  were 
no  I'urther  problems  willi  tlie  readout  module.  Since  the  pt)wer  supjdy  lor  tlie  thernio- 
eleetrie  eooler  rei|uires  li\'e  air  to  dissipate  the  heat  Irom  tlie  luiit,  aeoustie  insidation 
eoLild  not  easily  lie  ailded  to  power  suij|ily. 

Alter  about  70  hours  ol  eni;ine  testing,  some  below  normal  temperatuu  s 
were  noted  in  tlie  test  data.  Altei'  SS  hours  ol  testing  the  ability  to  temperature  control 
the  unit  was  lost.  The  oiieration  ol  the  hybrid  eircuit  and  the  readout  module,  however, 
were  not  alleeted. 

A (juiek  cheek  showi'il  that  the  thermoelectric  powei'  supply-  had  lailctl. 

At  this  time  a crucial  decision  in  the  test  program  was  imule.  Kither  repair  the  [lower 
supply  ami  risk  haling  tlie  engine  endurance  run  eom[ileted  bcTorc  re|iairs  could  be 
made  or  eonlinue  running  without  power  to  the  thermocTectrics.  Since  a majority 
ol  the  lot)  hour  engine  lunning  goal  had  been  met,  a decision  to  continue  without  reiiairs 
was  made.  The  intent  ol  the  engim'  test  was  to  show  that  the  TCM  would  sur\i\e  the 
engine  environment.  U was  lelt  that  this  intent  eould  be  met  under  test  cell  conditions 
with  or  without  the  llu'rmoidcctrics  o[)erating.  I'lie  failure  mode  to  which  the 
thermoelectrii‘s  would  be  subji-c-t  in  this  lest  was  due  to  meehanical  stress.  This 
stress  was  due  to  engine  libration  ami  was  essentially  the  same  whether  the  thernio- 
I'leetrics  were  [lowered  or  not.  Alti'r  conpikTion  ol  the  engine  test  [irogram,  the 
thermoek'etric  [lowor  su[i[il>  was  examined.  A broken  wii’e  was  lound.  The  unit 
was  re[iaired  and  was  used  lor  checkout  ol  the  TtAl  alter  the  engine  test  [irogram 
at  Bendix. 


The  ellec't  ol  renun  ing  [lower  to  the  thermoeleetries  is  elearli  shown  in 
Figure  Bk  Alter  s.s  hours,  the  hybrid  circuit  tenpieratures  were  now  eontrolled 
by  the  water  temiierature  and  the  ambient  tengierature.  Test  ilata  is  again  seattereil 
in  the  crosshatched  area  and  gener;illy  tletermineil  by  when  the  reailing  was  taken. 
Itelore  engine  starts,  the  tengierature  was  gener:illy  about  70° F.  Alter  I'ligiiie 
runs, the  tenpierature  reai'hed  as  high  as  17.S°F.  Data  in  Figure  M is  (ii’csented  so 
that  ambient  tem[ierature  during  the  test  ean  be  congiareil  with  the  h,\brid  eircuit 
tenpiei’ature.  The  ctlect  ol  o[ierating  the  thermoelectrie  cooler  is  clearly  ilemon- 
strated. 


To  evaluate  the  effectiveness  of  the  shock  mounts  used  on  the 
thermally  conditioned  module  (TCM)  vibration  data  was  compared  for  tlie 
radial  and  axial  directions  of  the  engine  and  module.  Typical  data  points 
are  shown  in  P igure  45  . At  the  engine  speeds  where  data  was  available, 
the  shock  mounting  reduces  vibration  levels  by  a factor  of  10  to  20  in  all 
planes.  Even  though  engine  vibration  levels  reached  186  G’s,  the  module 
\dbration  did  not  exceed  10  G's. 

7.5.  POST  TEST  E\  ALl'ATION 


Upon  completion  of  the  engine  test,  tile  thermally  conditioned 
module  was  returned  to  Bendix  where  the  unit  was  retested.  The  unit  was 
first  checked  out  at  room  temperature  without  fuel  cooling  flow.  The  hybrid 
signal  conditioning  circuit  performed  normally.  The  thermoelectrics  were 
powered  and  were  also  found  to  be  functioning.  Based  on  the  above  bench 
test,  it  was  concluded  that  the  unit  had  survived  the  engine  test  without 
detrimental  effects, 

P'ollowing  bench  check,  tests  were  performed  to  determine  if 
the  thermal  characteristics  of  the  unit  had  changed.  Test  data,  as  in  Figure 
15,  was  to  be  taken  at  750°F  ambient  air  with  JP-4  fuel  at  several  temper- 
atures. Several  problems  were  encountered  in  this  attempt.  The  heat  ex- 
changers were  found  to  be  partially  clogged  with  lime  due  to  the  hard  tap 
water  used  in  engine  tests.  A meaningful  comparison  of  data  could  not  be 
made  with  an  obstructed  heat  exchanger.  The  lime  was  removed  by  flushing 
with  phosphoric  acid.  This  acid  is  non-reacting  with  the  aluminum  ht.'at 
exchanger  and,  therefore,  would  not  damage  the  unit. 

Retest  of  the  heat  exchanger  showed  the  pressure  drop  across 
the  unit  and  flow  rates  were  back  to  normal.  Thermal  tests  on  the  unit  ui  ri 
reinitiated.  The  unit  operated,  but  the  thermoelectrics  were  only  able  to 
maintain  a 50”F  differential  from  hot  plate  to  cold  plate.  The  SNIOI  unit  had 
been  able  to  maintain  a 90”p'  differential. 

A teardown  inspection  of  the  unit  revealed  that  fuel  had  huaked 
into  the  module  cavity.  This  had  acted  as  a thermal  patli  for  heat  from  the 
covers  to  reach  the  thermoelectrics.  This  resulted  in  a sufficient  heat  load 
to  limit  the  cooling  capacity  of  the  thermoelectrics. 

Pressure  testing  revealed  a leak  in  the  primary  heat  exchangi  r 
upper  surface.  The  abiminum  at  this  surface  in  0,010”  to  0.015”  thick.  I’lu' 
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\v;ill  had  been  weakened  due  to  eorrosive  aetion  of  the  tap  water.  The  test  unit 
is  presumed  to  have  survived  en^’ine  test  because  of  the  reduced  pressure  and 
Uow  rates.  In  the  laboratory,  JP-4  fuel  at  130  psi  was  used.  Engine  tests 
used  water  at  about  25  psi.  The  combination  of  test  pressure  and  cori’osion  of 
the  iduminum  are  presumed  to  have  caused  the  failure.  As  a result  of  these 
failures  in  the  heat  exchanger,  no  further  performmice  tests  were  attempted 
on  the  thermally  conditioned  module. 

Since  one  of  the  objectives  of  this  program  had  been  the  test  luid 
development  of  a thermoelectric  cooling  module,  the  thermally  conditioned 
module  was  tlisassembled,  the  thermoelectrics  were  removed  and  sent  to  the 
manufacturer  for  retest. 

i'he  manufacturer  reported  two  related  problems  with  the  thermo- 
electric element.  The  first  was  that  the  cold  plate  of  the  thermoelectric  element 
was  no  longer  flat  imd  hatl  to  be  ground  flat  before  testing.  Heat  pvmiping  capacity 
had  decreased  about  20',,  . liirther  checking  in  tliis  area  showed  that  several 
of  the  thermoelectric  couples  at  the  perimiter  of  the  thermoelecti’ic  module  had 
increased  resistance  from  a normal  5 milliohins  to  38  to  75  milliohms.  This 
change  in  resistance  was  also  found  to  be  pressure  sensitive.  The  numufacturer 
concluded  that  several  of  the  solder  joints  between  couples  had  broken. 

It  is  evident  that  the  .010"  to  .015"  wall  of  the  heat  exchanger  did 
not  provide  adquate  support  for  the  thermoelectric  module  and  allowed  movement 
sufficient  to  break  the  solder  joints. 

Future  applications  will  reciuire  redesign  such  that  stress  levels  for 
the  thermoelectric  elements  will  not  be  exceeded. 

Further  examination  of  the  components  luid  consultation  with  the 
manufacturer  pinpointed  the  probable  cause  of  the  solder  joint  failure.  The  heat 
exchanger  showed  a depressed  area  in  the  center  section  where  the  leak  had 
developed.  This  depressed  area  corresponded  with  the  surface  on  the  thermo- 
electric module  that  had  to  be  ground  Hat.  The  depressed  area  showed  evidence 
of  overpressure  from  the  outside.  It  is  therefore  believed  that  fuel  or  water  leaked  j 

into  tlie  area  between  the  thermoelectric  couples.  When  ix)wer  was  applied,  the 
fuel  or  water  vaporized  since  the  temperature  in  this  area  reaches  300°  F.  The 
vapor  exptmded  resulting  in  deformation  of  the  heat  exchimger  ;uid  overstress 
in  the  boundary  area  between  the  heat  exchimger  cooling  surface  and  the 
heat  exchanger  perimeter  support  area.  The  cause  of  the  solder  joint  failure 
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is  therefore  deduced  to  be  due  to  overstress  due  to  vaporization  of  the  fuel 
or  water  leakage  due  to  the  heat  exchanger  leak.  The  heat  exchanger  U-aked 
as  a result  of  corrosive  action  of  water  used  in  the  engine  test  program.  No 
such  problem  is  expected  when  jet  engine  fuels  are  used  as  a coolant. 


SEC  riON  VIII 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  si^nilicaiit  result  of  the  pi’ograin  is  that  it  both  denionstratod  the 
feasibility  of  the  eoneept  and  provides  eorrelation  between  the  analytieal  approaeh 
and  tests  residts  that  will  allow  desii4ii  of  future  applieations  with  a liigh  decree  of 
confidence  that  actual  perfornuuice  will  conform  to  predietetl  performance. 

8. 1.  CONCLUSIONS 

f.  Correlation  between  analyis  and  tests  was  ^ood. 

2.  The  desit^ii  is  sufficiently  rugged  to  withstand  the  engine  operating 
environment  eurrently  projected  for  Mach  3.  5 aircraft. 

3.  In  applying  results  of  this  study  to  specific  applieations,  improvements 
ui  performance  cmi  be  acliieved  in  several  areas: 

• The  thermoelectrie  performance  can  be  improved. 

• By  correlating  the  module  design  with  engine  mounting,  the 
motlule  could  be  sliielded  from  the  50  ft/see.  velocity  and 
perfoi-mance  woidd  be  improved. 


• Improvement  in  sluelding  in  the  base  area  imd  sides  of  the 
secondary  heat  exchanger  are  possible  and  will  improve 
performance. 

• Additional  development  of  the  lieat  exchanger  would  result 
in  eciual  performance  with  a lower  pressure  drop  through 
tlie  lieat  exchanger  channels.  Redesign  is  ;dso  repaired 

to  iirovide  better  structural  support  for  the  thermoelectries. 


1 

. 

■ 

! 


04 


4. 


o • 


6. 


7. 


8.2. 


1. 


2. 


In  impleinonting  any  specific  applications,  special  attention  should  be 
given  to  the  considerations  associated  with  "hot  soak"  after  landing 
and  engine  shut  dow'ii. 

The  heat  load  ini[X)sed  on  the  fuel  by  module  operation  is  less  than 
one  (1)  percent  of  that  projected  for  the  fuel  to  oil  cooler  on  liigh  Mach 
number  aircraft.  Reference  I'eport  AFAPL-TR-73-51,  "Aircraft 
l'\iel  Heat  Sink  Utilization.  " 

A design  approach  such  as  that  studied  here  is  necessary  in  those 
applications  where  for  survivability  or  reliability  reasons  the  electronics 
must  be  maintained  below  the  temperature  of  fuel  available  as  a sink. 

The  pen;dty  paid  is  the  power  consumption  of  the  thermoelectrics. 

W hile  the  emphasis  of  the  px’ogram  was  on  "small"  individuxd  circuits 
or  sensors,  there  is  no  inherent  limitation  on  the  approach  because  of 
size.  Subject  to  the  thermoelectric  power  consumption  penalty  the 
approach  is  applicable  to  an  engine  mounted  digital  controller. 

UECOM  Ml-:  N DATIONS 

At  such  a time  as  specific  requirements  are  defined  for  thernudly  con- 
ditioned components,  the  design  concepts  demonstrated  in  this  program 
should  be  utilized. 

The  areas  where  additiomd  development  would  improve  over;dl  operation 
ai'e  consideretl  to  be: 

• i'hermoelectrics  — Any  improvements  that  effect  the 

lieat  load  pumping  capability,  power  consumption  (efficiency) 
and/or  will  increase  the  temperature  differentiid  from  coUl 
to  hot  plate  would  enhance  the  value  of  the  concepteii  approacli. 

• Heat  Exch.'uigers  — Eciuivalent  effectiveness  with  a liecreaseii 
pressure  drop  through  the  channels  is  attainable  witli  some 
development  effort. 


IIEFEKENCES 


Altman,  Manfred;  Elements  of  Solid  State  Energy  Conversion;  Van  Xorstrond 
Re  inhold  liHit), 

C(xieff,  Irving  B.;  rhcmioelectric  Materials  and  Devices;  Reinhold  Pub. 
Corp.  19()0. 

Goldsmith,  II.;  Applications  of  Thennoelectricity,  J.  We  ley  & Sons,  19(i0. 

Goldsmith,  II.;  Thennoelectric  Refrigeration;  Plenum  Press  19G4. 

Gray,  Paul  E.;  The  Dynamic  Behavior  of  Thermoelectric  Devices; 

Technology  Press  of  MIT  19G0. 

Ileikes,  Robert;  Thermoelectricity,  Interscience  Publishers  19(il. 

Ioffe,  Fedorovich;  Sem iconductor  Thermoelectrics,  Infosearch  Ltd.,  1957. 


9G 


APPENDIX 

THERMOELECTRIC  CHARACTERISTICS 


1.0 


THE  THERMOELECTRIC  PHENOMENA 


Four  basic  physical  phenomena  can  be  associated  with  the  operation  of 
thermoelectric  devices:  The  Seebeck  effect,  the  Peltier  effect,  the  Thomson  effect, 
and  the  Joule  effect.  The  Seebeck  effect  is  the  emf  generated  when  two  sides  of  a 
thermoelectric  module  are  maintained  at  different  temperatures.  The  Peltier  effect 
is  the  heating  or  cooling  effect  observed  when  an  electrical  current  is  passed  through 
two  dissimilar  junctions.  The  Thomson  effect  is  a heating  or  effect  in  a homogeneous 
conductor  observed  when  an  electrical  current  is  passed  in  the  direction  of  a tem- 
perature gradient.  The  Joule  effect  is  the  heating  effect  observed  in  a conductor  as 
an  electrical  current  is  passed  through  the  conductor. 


1.1 


SEEBECK  EFFECT 


In  1821  Thomas  J.  Seebeck  discovered  that  when  two  dissimilar  conduc- 
tors are  connected  and  if  the  junctions  are  maintained  at  different  temperatures,  an 
emf  can  be  observed  in  the  circuit.  This  emf  is  called  the  Seebeck  emf  and  the 
effect  is  known  as  the  Seebeck  effect.  The  effect  is  illustrated  in  Figure  A-1. 


Th 
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This  open-circuit  voltage  is  a function  of  the  materials  making  up  the 
couple  and  the  temperature  of  two  junctions. 

= Cl  (Th  - Tc)  + ^2  (Th  - Tc)“  + 

2 (1-2-1) 

And  the  Scebeck  coefficient  is  defined  as 


“ ab  = ^^alj  = Cl  + C2  (-ph  - Tc)  + C3  (Th  - Tcf  + — (1-2-2) 
5Th 

1.2  PELTIER  EFFECT 


It  is  well  known  that  the  passage  of  an  electrical  current  through  the 
junction  of  two  dissimilar  conductors  in  a certain  direction  produces  a cooling 
effect,  and  when  in  the  opposite  direction,  a heating  effect.  This  was  found  by 
Jean  C.  A.  Peltier  in  1834  and  is  now  called  the  Peltier  effect.  The  rates  of 
both  heat  generation  and  absorption  ai'e  proportional  to  the  current  and  dependent 
on  the  temperature  of  the  junction  and  the  Peltier  effect  is  expressed  as: 

Qp  = TTI  (1-2-3) 

The  process  is  illustrated  in  Figure  A-2. 
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Figure  A-2 

By  Kelvin's  relation  we  have  n = a T where  a is  the  Seebeck  coefficient  of 
two  dissimilar  conductors  and  T is  the  absolute  temperature  at  the  junction, 
then  the  Peltier  term  equation  (1-2-3)  is  written  as; 

Qp  aTI  (1-2-4) 
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THOMSON  EFFECT 


1.  3 

VVilliiuii  Thomson  (later  lyird  Kelvin)  examined  the  effects  of  Seebeck 
and  Peltier  and  derived  a relation  Ix'tween  the  respective  coefficients. 

In  this  process,  he  predicted  the  existence  of  a new  effect  called  the 
Thomson  effect.  There  is  a heating  or  cooling  effect  in  a homogeneous  conductor 
when  an  electrical  current  passes  in  the  direction  of  temperature  gradient. 

The  Thomson  effect  per  unit  volume  is  written  as: 

Qt  = r J dT  (1-2-5) 

dx 

where  T = The  Thomson  coefficient 

J = Current  density. 

dT  = Temperature  gradient 
dx 


coincide 
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H 'T’ 

If  Qf  is  the  heat  absorbed  when  the  direction  of  J and  -iii- 

dx 

with  each  other,  then  r is  positive,  r is  negative  if  is  the  heat  generated 
when  the  current  flows  in  the  same  direction  as  the  temperature  gradient.  The 
Thomson  effect  per  length  is  written  as: 

Qt  = T I dT  (1-2-6) 

dx 

These  three  effects : Seebeck,  Peltier  and  Thomson  are  reversible 

phenomena. 

1,4  JOULE  EFFECT 


When  an  electrical  current  is  passed  through  a conductor,  which  is 
isothermal,  there  is  a heat  generation  called  Joule  heat.  Joule  heat  per  unit 
volume  is  written  as: 

qj  = (1-2-7) 

where  p : Electrical  resistivity 

J : Current  density 

This  is  an  irreversible  process  and  for  the  actual  operating  condition 
of  thennoelectric  devices  there  is  another  irreversible  process,  thermal  conduc- 
tion. 

1,  5 THERMOELECTRIC  FORMULA  FOR  PELTIER  HEAT 

PUMPING  DEVICES 

In  this  section  a useful  approach  for  defining  heat  flow  for  thermo- 
electric modules  is  developed  utilizing  a concept  of  averaged  transport  properties. 
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Figure  A-4 


100 


In  the  operation  of  thermoelectric  modules  it  is  reasonable  to  assume 
that  heat  flows  only  in  the  direction  of  X,  this  means  there  is  no  heat  flow  except 
through  the  junctions,  as  shown  in  Figure  A-4, 

Moreover,  all  the  heat  may  be  considered  to  flow  through  the  plates 
which  sandwich  the  thermoelectric  couples.  To  find  a formula  for  QC  or  QH 
it  is  necessary  to  look  at  one  of  these  thermoelectric  couples. 

A couple  consists  of  two  dissimilar  conductors  and  therefore,  as 
mentioned  before,  it  has  all  the  thermoelectric  effects,  and  for  thermoelectric 
devices  the  proper  materials  are  coupled  to  produce  extensive  thermoelectric 
effects  or  to  have  higher  performance. 


To=Th  Ti=Tc 


Figure  A-5 
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As  shown  in  Figure  A-5  the  direction  of  the  current  is  opposite  for 
N versus  P material.  Most  of  the  properties  of  these  two  materials  differ  from 
each  otlier,  in  fact.  If  one  makes  use  of  these  differences  one  can  derive  the 
equation  of  the  heat  flow  for  a couple  having  the  equation  of  heat  flow  along  a bar. 

Now  consider  a bar  having  a different  temperature  at  each  end  through 
which  the  current  is  flowing  in  Figure  A-6. 


Th 
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Figure  A-6 

Under  steady  state  conditions  as  Figure  1-6,  the  differential  equation 
for  energy  flow  through  a unit  volume  is  written  as: 

TJ^  + TJ  JUL.  _pJ^_  JL_  (k_dXJ=0  (1-3-1) 

d\  dx  dx  dx 

where  k is  the  thermal  conductivity  of  the  material. 

To  solve  equation  (1-3-1),  the  numerical  method  would  be  applied 
knowing  the  transport  properties  as  a function  of  location  and  temperature. 
Therefore,  it  is  rather  necessary  and  convenient  to  assume  averaged  transport 
properties.  With  averaged  properties  equation  (1-3-1)  will  be  applied  for  the 
N arm  of  the  couple  and  written  as: 

k d^T  T..  J dT  + =0  (1-3-2) 

^ ~ " IbT 
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where  kn,  p n are  averaged  properties  of  the  N arm.  From  equation 
one  can  derive  the  equation  of  heat  flow  at  X = 0 and  X = t’  . 

The  same  equation  will  be  applied  for  the  P arm,  but  with  different 
properties  and  an  opposite  direction  of  current.  Thus,  adding  Peltier  terms, 
one  can  have  the  equation  of  heat  flow  at  the  junction  of  two  dissimilar  conductors. 

Heat  flow  at  Tc  is 

qp  = «TcI  + T _ J_  I^R  - KAT 

2 2 

Heat  flow  at  Th  is 

q^  = aThI  _ _J_  r I^T  + J_  I^R  _ KAT  (1-2-4) 

2 2 

where:  AT  = Th  - Tc, 

o is  the  net  Seebeck  coefficient  of  a couple  at  the  temperature  of  the  junction. 

R,  K and  r are  average  properties  of  a couple  in  the  temperature  range  of  q’c< 
T < Th. 

One  should  notice  that  these  transport  properties  are  all  temperature  dependent; 
extensive  experiments  are  needed  to  find  out  their  rekitionship  to  tempei-atu  re. 

1.  6 THERMOELECTRIC  PROPERTIES  AS  A FUNCTION  OF 

TEMPERATURE 

The  following  section  describes  the  experimental  method  utilized  to 
obtain  the  module  Seebeck  coefficient  module  resistance  R,^^  :md  module 

thermal  comfuctivity  as  a function  of  temperature. 

The  properties  found  in  the  experimental  method  are  actually  averaged 
properties  of  a module  at  certain  temperature  and  therefore  those  assumptions 
made  in  the  preceding  section  can  be  applied,  that  is,  those  equations  in  the 
section  (1-2)  c:m  be  calculated  with  the  results  of  this  section. 

I 
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CALCULATION  OF  THE  THERMOELECTRIC  EFFECTS 


1.  7 


A tliormoolectiic  module  contains  a number  of  couples  connected 
elect  rica'ly  in  series  and  thermally  in  parallel.  Therefore,  if  a module  is  made 
,)f  a number  of  couples,  the  refrifjeratinseffcctof  a module  may  be  written  from 
I'quation 


QC  n (a  T(.I  + _i_  rIAT_  _J_  I^R  _ KAT)  (1-7-1) 

2 2 

let  no  ; ct^.  is  a module  Secbeck  coefficient  at  temperature  of  Tc 

T ni  ~ is  an  averaged  Thomson  coefficient  of  a module  with 

temperatvire  of  Tc  < T Th 

Rpi  nil;  R,-,,  is  an  averaged  electrical  resistance  of  a module  in  the 
temperature  of  Tc  T Th 

Kpi  nK;  is  an  averaged  thermal  conductance  of  a module  of 
Tc  T < Th 

Efiuation  (1 -(;-!)  will  be  rewritten  as 

QC=  «^.T^I+  _i_  IAT_  J_  iXi_K„iAT  (1-7-2) 

2 2 

Similarly,  the  heat  inimp  effect  of  a module  can  be  written  with  equation  (1-7-4) 

a„T,^  I_  J_  r IAT  + J_  _ k^at  (1-7-;5) 

2 2 

Where  a is  the  module  Scebcck  coefficient  at  Th. 
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A refrigerator  and  a heat  pump  are  essentially  the  same  device;  they 
bring  heat  from  a cold  body  to  a hot  body  with  a certain  input  power.  This  device 
is  called  a refrigerator  when  an  object  is  cooled  and  called  a heat  pump  when  an 
object  is  heated. 

To  bring  heat  from  a cold  body  to  a hot  body  certain  power  is  always 
necessary.  This  power  is  called  input  power  to  the  module.  The  input  power 
required  is  determined  by  temperature  conditions  of  a module  and  the  current 
passing  through  a module. 

The  input  voltage  to  have  a current  of  I may  be  written  as: 


V = 


L 


Th 


adT  + 


(1-7-4) 


The  input  power  to  a module  will  be  expressed  as: 
P = V-I 

= a^ATl  + iX 


(1-7-5) 


Where  is  a mean  value  of  the  Seebeck  coefficient  in  the  temperature 
range  of  Tc  < AT  < Th,  and  ct  AT  is  a Seebeck  voltage  which  tends  to  draw 
a current  I from  N to  P material  at  the  hot  junction.  The  operation  of  a thenno- 
electric  module  is  shown  in  Figure  A-7. 

,Oc 


Tc 


Th 


N 


N 


J. 


I'  <- 


Oh 


Mgure  A-7 
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The  eoeftieient  of  performance  of  a I'cfrigerator  and  a heat  pump  are 
defined  in  equations  (l-fi-12)  and  (l-C-13),  respectively. 

CORP  = QC/P  (1-7-12^ 

COPH  = QH/P  (l-7-i;:) 

To  calculate  QC,  QIl,  P,  CORP  ;uid  COPH,  , , , R,  :ind  K have  to 

Ik'  calculatc'd  at  eacli  temperature  level. 


1-8  OTHER  PROPERTIES  OF  A THERMOELECTRIC  MODULE 

There  are  many  variables  in  a thern'toelectric  module,  expecially  the 
properties  of  the  material  which  are  all  temperature  dependent;  these  changes 
with  temperature  have  to  l>e  considered  in  the  calculations.  There  are  other 
properties  in  a module  which  are  not  temperature  dependent  but  still  allow  signif- 
ic;mt  chiuiges  in  the  [X'rfo nuance  of  a module,  namely,  the  number  of  couples 
in  the  module  and  the  shaix>  I’atio  of  the  element  used  for  a couple. 

An  inc-rease  in  the  number  of  couples  increases  the  heat  pumping 
capacity  :uid  input  power  to  a module,  since  the  couples  arc  connected  electrically 
in  sertes  and  thermally  in  parallel. 

It  will  l)c  noted  from  these  equations  that  a unique  module  design  foi- 
a given  application  may  I)0  derived.  It  must  be  cautioned,  however,  that  not  all 
module  dc'sign.s  are  necessarily  manufacturable, 

QC  =n  (1^.  anil  QH  = n q|,  (1-8-1) 

where  QC  and  till  are  the  refrigerating  and  the  heat  pumping  effects  of  a module, 
q^.  ;uid  q|^  are  that  for  a couple,  n is  the  numix'r  of  couples  in  a module. 
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The  input  voltage  can  be  written  as 

V = + 1 Rm  = n (o-AT  + I R) 

The  input  power  is 

P = VI  = nl  (oAT  + IR) 

COPR  and  COPH  are: 

COPR  = QC/P  = % 

I (O’ AT  + I R) 

COPH  = QH/P  = % 

I (O' AT  + IR) 


(1-8-2) 


(1-8-4) 


(1-8-5) 


The  preceding  equations  state  that  the  coefficient  of  performance  is 
independent  of  the  number  of  couples  and  that  the  input  power  and  the  heat  pump- 
ing  effect  is  proportional  to  the  number  of  couples  for  fixed  condition. 

These  relations  hold  also  true  for  a different  number  of  modules  if 
they  are  connected  electrically  in  series  and  thermally  in  parallel 
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